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1. Abstract 
This thesis aims to investigate and show the feasibility of the direct inkjet printing 
(DIP) method to fabricate ceramic components for structural applications. For this 
purpose, first a DIP system, which is based on a desktop inkjet printer, is developed and 
used to manufacture ceramic components made of 3Y-TZP. Second, ceramic inks 
containing > 20 vol.-% of ceramic particles as well as a carbon ink containing ~13.5 vol.-% 
of carbon black particles are developed and used for the fabrication of two-dimensional 
and three-dimensional ceramic objects using the DIP method. These inks are 
characterised in terms of viscosity, surface tension, zeta potential, density, particle size 
distribution, and the dimensionless numbers Re, We, Ca, and Oh. The influence of the ink 
characteristics on the drop ejection dynamics and on the drop properties is investigated by 
analysing arrays of deposited single drops. Ceramic demonstration objects are DIP-
fabricated and investigated in terms of shape accuracy and mechanical properties to show 
the feasibility of the DIP method for the manufacturing of structural ceramic components. 
The carbon ink developed is used as a fugitive support, which is removed during sintering, 
in order to generate components of complex geometrical shape. The components are 
sintered and promising mechanical characteristics of the ceramic components are 
obtained by 4-point bending (4PB) and ball-on-3-balls (B3B) tests. As a result, the DIP 
method was shown to be feasible for the fabrication of ceramic components with good 
shape accuracy as well as excellent mechanical properties.   
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Zusammenfassung 
Ziel dieser Arbeit ist die Untersuchung sowie die Prüfung der Herstellbarkeit von 
keramischen Komponenten mittels direkten Tintenstrahl-Druckverfahrens (DIP, Direct 
Inkjet Printing).  Zu diesem Zweck wurde zunächst ein auf einem Desktop-
Tintenstrahldrucker basierendes DIP-System entwickelt und dieses wurde zur Herstellung 
keramischer Komponenten aus Zirkonoxid (3Y-TZP) eingesetzt. Anschliessend wurden 
Tinten mit entsprechenden Feststoffanteilen von > 20 Vol.-% Keramikpartikeln sowie 
ca. 13.5 Vol.-% Russpartikeln entwickelt und zur Fertigung von zwei- und 
dreidimensionalen Bauteilen mittels des DIP-Verfahrens benutzt. Diese Tinten wurden 
bezüglich Viskosität, Oberflächenspannung, Zetapotential, Partikelgrössenverteilung, 
Dichte sowie der dimensionslosen Kennzahlen Re, We, Ca und Oh charakterisiert. 
Einflüsse der Tinteneigenschaften auf die Tropfengenerierung sowie auf die 
Tropfeneigenschaften wurden anhand einer mikroskopischen Analyse gedruckter 
Einzeltropfen untersucht. Keramische Anschauungsobjekte wurden mittels des DIP-
Verfahrens hergestellt und in Bezug auf Formgenauigkeit und mechanische 
Eigenschaften untersucht. Zur Realisierung komplex geformter Bauteile wurden  
Abstützstrukturen aus Russ gedruckt, welche während des Sintervorgangs komplett 
ausgebrannt werden. Die gesinterten Komponenten haben nach der 4-Punkt-
Biegeprüfung (4-point bending test, 4PB) sowie dem 4-Kugelversuch (ball-on-3-balls test, 
B3B) vielversprechende mechanische Eigenschaften aufgewiesen. Als Ergebnis hat sich 
das DIP-Verfahren zur Herstellung formgenauer keramischen Komponenten mit guten 
mechanischen Eigenschaften als geeignet erwiesen.  
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2. Introduction and definition of the task 
 Recently, the demand for complex and individually shaped ceramic components 
for structural, functional, as well as biomedical applications has been increasing. This 
trend has triggered an intensive research in the field of solid freeform fabrication (SFF) 
techniques for ceramic materials. Various SFF techniques have been developed or 
adapted for ceramic materials. A group of these SFF techniques including the direct inkjet 
printing (DIP) method use colloidal building blocks like drops or filaments /Lew06/. The 
DIP method can be defined as the generation of particle carrying drops and the fabrication 
of components by selective deposition of these drops. 
 Early studies in the late 1990s utilised the DIP method for the generation and 
deposition of suspensions of ceramic particles /Bla95, Mot99a, Mot99b, Sla98, Win99/. 
However these studies were not successful in fabricating three-dimensional ceramic 
components of precise shape due to the difficulties faced during the drying process of the 
low solid content inks used. In order to overcome this problem, basically two different 
approaches were followed in the 2000s. The first approach focused on the development 
and use of the wax-based phase-change inks, which rapidly solidify upon cooling and thus 
no ink drying is required /Ain02a, Der03, See01a, Lee04/. However to achieve an 
acceptable shape accuracy, the layers containing solidified hemispherical wax beads had 
to be flattened after each deposition step. Moreover a complicated wax removal step prior 
to sintering was required. The second approach assisted the drying of the deposited 
layers via hot air blowing systems /Son04, Zha02a, Zha02b/. As a result micrometre to 
millimetre scaled ceramic structures (e.g. micro-walls, micro-pillars) were produced and 
sintered without deformation /Zhao02a, Zha02b/. However neither large scale objects nor 
ceramic components were fabricated. 
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 The goal of this thesis is to investigate and prove the feasibility of the DIP method 
to fabricate centimetre scaled and massive ceramic components for structural 
applications. To this end a DIP system, which is based on a desktop printer, and aqueous 
inks with 3Y-TZP contents above 20 vol.-% were developed. 
 The thesis is structured as follows. The 3rd chapter describes the current state of 
research regarding the DIP method for ceramic materials as well as the basics of the 
printing technologies. The chapter begins with a brief introduction to SFF technologies 
and continues with a detailed analysis of the printing technologies, particularly the thermal 
inkjet (TIJ) technology, which is the drop ejection mechanism of the printer used in this 
study. The next section explains the fluid dynamics of the drop ejection and formation as 
well as the relation of the drop integrity with the related dimensionless numbers. The last 
section provides a comprehensive list of studies, which used ceramic inks for 
manufacturing ceramic structures by inkjet printing methods.  
 The experimental procedure and methodology are explained in the 4th chapter. The 
formulation and components of the DIP inks containing ceramic and carbon particles as 
well as the steps of the ink preparation process are described. The characterisation 
methods for the DIP inks in terms of zeta potential, particle size distribution, viscosity, 
surface tension, and the dimensionless numbers are shown. In the next section the 
printing system and its main components are explained. In addition the preparation of the 
two-dimensional input data set used in the DIP system to fabricate the three-dimensional 
objects is described. The printing procedure implemented by the described DIP system is 
also described. The following section focuses on the ejection and deposition of single 
drops as well as the DIP-fabrication of three-dimensional demonstration objects using the 
developed ceramic and carbon inks. The sintering process of the fabricated ceramic and 
carbon objects is also given. In the last section, the mechanical characterisation of the 
DIP-fabricated components by the 4-point bending (4PB) and ball-on-3-balls (B3B) tests 
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are explained. Slip cast and hot isostatic pressed (HIP) reference samples are tested as 
well. Moreover a brief explanation of the Weibull statistics for the evaluation of the 
strength results is provided.  
 The results of the measurements and experiments are given in the 5th chapter. The 
first section presents the measured and determined ink characteristics in detail. The 
following chapter explains the relation between the integrity of the ejected drops and the 
ink characteristics as well as the dimensionless numbers. In the next chapter a sample of 
DIP-fabricated ceramic demonstration objects are presented as evidence for the feasibility 
of the DIP method for manufacturing ceramic components. The DIP-fabricated 
components are evaluated in terms of shape accuracy, printing resolution, green and 
sintered density, as well as microstructure. The last section of this chapter explains the 
results of the bending tests performed in order to investigate the mechanical fracture 
strength of the DIP-fabricated 3Y-TZP components.  
 The results achieved in this study are investigated in detail and critically discussed 
in  the  6th chapter. The first section focuses on the composition, components, and the 
characteristics of the developed inks and suggests alternative strategies for further 
improvement of the DIP inks. The next section states the hardware and software 
limitations of the utilised DIP system as well as the compatibility of the developed inks with 
the DIP system. Ideas and suggestions to overcome the current limitations are also 
discussed. The following section discusses the influence of the ink properties on the drop 
integrity and shape. The methodology used for calculating the dimensionless numbers is 
verified by comparing the obtained results with previous studies. The relative importance 
of the investigated dimensionless numbers is evaluated as well.  The next section 
mentions the challenges realised during the sintering process of the DIP-fabricated 
ceramic components. Potential solutions and suggestions to overcome these challenges 
are provided. The last section compares the strength and Weibull modulus of the DIP-
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fabricated samples with the reference samples. The potential reasons for the differences 
in the strength and Weibull modulus of both samples are discussed based on the results 
of a fractographic analysis. 
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3. The state of the art 
 The goal of this thesis is the fabrication of ceramic components by the direct inkjet 
printing (DIP) method. To achieve this goal the capabilities and limits of the specific 
printing system used in this study was thoroughly investigated. After understanding and 
defining the constraints of the printing system, the ink requirements as well as the printer-
ink interaction was investigated, because the generation of droplets of identical volume 
and velocity is a vital issue for the precision of the printed patterns. This chapter provides 
extensive information on these points. 
The first section explains the capabilities and potentials of several solid freeform 
fabrication (SFF) techniques and gives a detailed description of the DIP method. In the 
second section, a comparative overview of the current inkjet printing technologies is given. 
The third section focuses on thermal inkjet (TIJ) printing technology including the design 
and structure of the printhead used in this thesis, the principles and mechanisms of drop 
ejection, and the composition and components of thermal TIJ inks. In the fourth section 
the physics of drop formation is given and the fluid dynamical dimensionless numbers 
explaining drop characteristics are introduced. The last section gives a detailed literature 
review of the previous studies on DIP of ceramic materials. 
3.1. Inkjet printing as a solid freeform fabrication technique 
This section provides an overview of the several (SFF) techniques used in 
ceramics manufacturing. Subsequently, the description and advantages of the DIP 
method compared to other SFF methods are given.  
3.1.1. An overview of the solid freeform fabrication techniques 
SFF is a general term representing a group of sophisticated manufacturing 
techniques to assemble three-dimensional objects of complex shapes by selective 
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addition of material rather than subtraction. In SFF techniques no confining surfaces like 
mould walls except a substrate are required. The additive fabrication of the SFF 
techniques distinguishes these from traditional rapid prototyping (RP) techniques such as 
computerised numerical control (CNC) high speed milling. The RP techniques are limited 
for producing some specific components, which on the other hand can be fabricated by 
the SFF techniques. The specifications of SFF-fabricated components include: (a) a 
complex geometry with internal features (cavities or loose parts) /Cal97, See01a/, (b) a 
multi-material composition /Cal97/, (c) defined porosity or concentration gradients /Cal97, 
See01a, Tay03/. In addition, the SFF techniques enable the minimisation or elimination of 
waste material and a cost and time effective fabrication /See01a, Tay03/. 
The first step of an SFF process is the generation of an electronic database of the 
three-dimensional object to be produced. This can be obtained by computer aided design 
(CAD), computed tomography (CT) scanning, or by laser digitising /Tay03/. The second 
step is the conversion of the three-dimensional data into a two-dimensional dataset as 
seen in Fig.3.1, which defines the layer to be deposited. This two-dimensional dataset is 
the input for the fabrication unit, which builds up the object layer by layer. Fig.3.2 shows a 
general scheme of a layer wise object (molar) generation. The SFF fabrication methods 
can be classified in four groups according to the object production technology. The objects 
can be generated (a) by placing layers on top of each other, (b) by using droplets as 
building blocks, (c) by extruding and positioning filaments, and (d) by consolidating layers 
of powder /Bla05, Lew06/. Some of the common SFF technologies are laminated object 
manufacturing (LOM) and screen printing for the first group according to the object 
generation technology /Eva08, Kru98, Tay03/; direct inkjet printing (DIP) of liquid 
(aqueous or solvent based) and solid (hot-melt or phase change) inks for the second 
group /Lew06, See01a, Zha02a/; robocasting, fused deposition modelling (FDM), and 
micropen writing for the third group /Cal97, Lew06, Tay03/; stereolithography (STL), three-
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dimensional printing (3DP), and selective laser sintering and melting (SLS and SLM) for 
the last group /Kru98, Moo02, Tay03/. After fabrication, the objects usually undergo a final 
step like curing or binder removal and sintering according to the production technology of 
choice. Several major manufacturers of commercial SFF tools are listed in Table 3.1. 
 
Fig. 3.1. The 3D to 2D data conversion (dataset of a molar). 
 
Fig. 3.2. A schematic view of layer wise object generation (dataset of a molar). 
Although the above mentioned SFF methods have specific benefits and limitations 
in terms of the object generation accuracy and the availability of materials, all these 
methods have been successfully applied as an RP method. The SFF technologies are 
developing continuously and evolving into rapid manufacturing (RM) techniques for 
fabricating individually shaped as well as mass-customised products /Bea04, Tay03/. As a 
result, a radical restructuring in the traditional notion of manufacturing would be inevitable 
in the near future. 
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Table 3.1. Some of the main manufacturers of commercially available SFF technologies. 
SFF method Company Materials 
3DP Z Corp. elastomers, composites 
 Soligen ceramics 
DIP Solidscape thermoplastics 
 3D Systems Inc. waxes, UV curable acrylates 
 Objet Geometries Ltd. plastics, UV curable polymers 
FDM Stratasys Inc. plastics, polyamide, waxes 
LOM Helysis Inc. (filled) paper 
 Kira Corp. paper 
 Solido Ltd. plastic sheet 
 CAM-LEM Inc. ceramics, metals 
SLM MTT Technologies Group metals 
 Concept Laser GmbH metals 
SLS 3D Systems Inc. (filled) plastics, elastomers, metals 
 EOS GmbH plastics, thermoplastics, sand, metals 
 Phenix Systems metals 
STL 3D Systems Inc. plastic-ceramic composites, UV curable resins 
 D-MEC Ltd. plastics, UV curable (filled) resins 
 CMET Inc. resins 
 Meiko Inc. resins 
 EnvisionTEC GmbH curable acrylates, filled resins 
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3.1.2. The direct inkjet printing (DIP) method 
The direct inkjet printing (DIP) method can be described as the fabrication of three-
dimensional objects by a selective and layer wise deposition of precisely sized identical 
drops of a particulate suspension using an ink deposition nozzle. It is a non-contact 
manufacturing process and no additional tools are required except the ink deposition 
nozzle and a substrate, on which the drops are deposited.  
The main advantages of the DIP method compared to similar SFF methods can be 
listed as: 
? The printed components reveal high precision, which ensures a perfect fabrication 
of models of complex geometry with good surface quality. The planar resolution on the x-y 
plane is defined by the pico-litre sized droplets as well as the small distances between the 
deposited adjacent droplets. The lateral resolution depends on the thickness of the 
individual layers, which are a function of the drop size and solid content of the ink.    
? The chemical composition of the components can be varied through the complete 
printed object. By addressing inks of various compositions to different nozzles, the 
component composition can be adjusted at the level of the smallest building units. This 
allows the production of functionally graded materials (FGM) /Cal97, Moh02, Moh03, 
Mot99b, Pul07a, Pul07b, Tse06, Wan05b, Wan05c, Wan05d, Wan06/ as well as cavities 
or porosity gradients, overhangs, loose enclosed parts or moving parts by using a fugitive 
ink, which leaves the structure during heat treatment /Cal97, Mot99a/.  
? The printed components reveal a high green density. This results in high final 
density as well as good mechanical properties of the sintered components. Although good 
shape accuracy is usually achieved by common RP techniques, the mechanical properties 
of the prototypes are far from the properties of the actual component because the RP 
methods usually use a non-functional building material. Contrarily, the ceramic objects 
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produced by DIP are of similar strength and toughness compared to the actual 
component. Therefore the DIP process is not only an RP method but can also be used for 
rapid manufacturing (RM) of individually shaped ceramic objects.     
? A further advantage is the high production rate. Drop generation frequencies of 
> 10 kHz are possible, which makes DIP a good candidate for RM of ceramic components 
as well /All06/. Furthermore the printed components do not require any further processing 
except sintering, which makes DIP more economical compared to similar techniques. All 
these advantages qualify DIP as an RM method.  
3.2. An overview of the major inkjet printing technologies  
 This chapter describes the history and development of the major inkjet printing 
technologies in a historical sequence and compares them in terms of the drop ejection 
performance, technological potentials as well as overall costs.  
Inkjet printing is the general name for a group of digital non-impact dot matrix 
printing techniques (Fig.3.3), which draw a small quantity of ink from a reservoir, eject and 
form droplets using a small nozzle orifice, direct the droplets through air, and deposit them 
on a specified position on a media to create an image /Le98, Sig95/. It is a simple and 
convenient method, which offers high quality colour images, high operating speeds, quite 
operation, portability, compatibility with a variety of substrates, and low machine costs 
/Lin04, Nie85, Sen07/. 
3.2.1. Continuous inkjet printing 
History and development 
The historical development of the inkjet devices starts at the 19th century.  A  
scientific investigation of the physics of continuous liquid jets was realised by Lord Kelvin 
in 1867. In 1877, Lord Rayleigh has investigated the stability of liquid jets and described 
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the mechanisms of the formation of droplets from a liquid stream. Since the 1950s, the 
research activity in this field has been focused on application oriented technologies. This 
resulted in the development of the first continuous inkjet printer, which uses the Rayleigh 
instability to form single drops, in the late 1960s /All06, Le98, Mag09, Sig95, Wij08/.  
 
Fig. 3.3. A simple map of the inkjet technologies based on the drop formation mechanism. 
Technical facts and potentials 
The continuous inkjet printers apply a pressure wave pattern to an orifice in order 
to break a continuous liquid jet into droplets of equal size and spacing. The droplets are 
selectively charged during the droplet formation and this stream of drops is sent through 
an electric field, which deflects the charged droplets. According to the type of the printer 
either the charged or uncharged drops are used for image generation while the unused 
drops are collected for recirculation. According to the image generation mechanism, the 
continuous inkjet printers can be classified in four main groups, which are the binary or 
multiple deflection, hertz, and microdot types. The continuous printers have found a broad 
field of application especially in industrial marking processes and the graphic arts. These 
printers provide a smaller drop size, a high drop velocity (up to 50 ms-1), and a higher drop 
generation rate (up to 1 MHz) compared to other inkjet printers (Fig.3.3). On the other side 
a higher cost of the printer and the difficulties in controlling the satellite drop formation are 
the main disadvantages /All06, Atk97, Le98, Lee03, Mag09, Sig95, Wal06, Wij08/.  
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3.2.2. Drop on demand (DOD) inkjet printing technologies  
While the continuous inkjet technology was improving further, another inkjet 
method, the drop on demand (DOD) technology was developed. Fig.3.3. shows the major 
DOD technologies /Le98, Nig99, Sig95/. Contrarily to the continuous printers the DOD 
technology is a vacuum method, in which the drops are only ejected when these are 
demanded. The negative pressure in the printhead keeps the ink inside unless a local 
pressure wave is generated at the nozzle to eject a droplet /Hei08, Le98, All06, Sig95/. 
The DOD printers were developed to overcome the limitations of the continuous inkjet 
systems like the start-up and shutdown requirements, the complicated charging and 
deflection hardware, and the need for an ink recirculation unit.  
3.2.2.1. Piezoelectric inkjet (PIJ) printing  
History and development 
The first DOD inkjet printer, Printer Terminal PT 80, which uses piezoelectric tubes 
for drop ejection, was produced by Siemens in 1977 /Hei08/. In the following years, 
several types of piezoelectric inkjet (PIJ) printers were developed.  
An important advantage of PIJ printing is its independence of the ink composition, 
which means any ink fulfilling the physical ink constraints can be PIJ printed /Hei08, Le98, 
All06/. Thus not only liquid inks but also solid inks (phase-change or hot-melt inks) can be 
printed /Le98, All06, Wij08/. Pioneer research on solid inks was conducted in the 1960s 
and the first printer using solid inks (Xerox Phaser III) was introduced to the market at 
1991 /Le98, All06/. 
Technical facts and potentials 
When an electrical pulse is sent to a piezoelectric element, which is usually made 
of lead zirconate titanate (PZT), it typically changes its elongation or bends causing a 
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physical displacement. The displacement causes a volumetric change in the nozzle 
chamber and generates a pressure wave, which pushes the droplet through the nozzle 
orifice. Fig.3.3 shows the four main piezoelectric actuation mechanisms used in desktop 
inkjet printers. These can be classified as the squeeze tube (Siemens), bend 
(Brother/Kyocera, Epson MLChips, Xerox Phaser), push (Epson Stylus800/MLP, Hitachi, 
Trident), and shear (Brother/Kodak, FujiFilm, MicroFab, Xaar) mode PIJ systems /Hei08, 
Le98, All06, Wij08/.  
In case of a typical bend mode PIJ printhead (Epson MLChips), the displacement 
of the piezo element is about 0.1 µm. In order to provide a sufficient volumetric change in 
this specific nozzle chamber, piezo elements of considerably large lateral dimensions are 
used, which results in a nozzle chamber width of ~340 µm /All06/. Assuming that the 
nozzle chambers can directly be placed next to each other, the spacing between adjacent 
nozzles would be ~340 µm, which would result in a vertical resolution of ~75 dpi in a 
single pass of the printhead. In order to completely fill an area with 300 dpi, the printhead 
must pass 4 times while the substrate has to be moved ~85 µm (= 1/300 inch = 340/4 µm) 
after each pass. The nozzle spacing can be decreased to ~140 µm by using push mode 
piezo actuators (Epson MLP), which have comparably higher manufacturing costs but 
provide a 180 dpi vertical resolution, which is still low compared to other DOD inkjet 
printers /Hei08, All06/. The PIJ printheads have a long operation life, but the high cost of 
the mechanical manufacturing processes, which also hinder the miniaturisation of the 
nozzles, is a considerably important disadvantage for the PIJ printers /Le98, Lee03, 
Mag09, Nig99/.  
A further disadvantage is the sensitivity of PIJ printheads to the air bubbles 
trapped in the nozzles. The ink must remain incompressible in order to maintain a 
controllable propagation of mechanically generated pressure waves in the nozzle 
chamber. Air bubbles in the nozzle disturb this condition and therefore these must be 
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removed prior to printing. In order to remove the bubbles the PIJ printers regularly pump a 
considerable amount of ink at the service station to purge the bubbles /All06, Nig99/. This 
ink consumption increases the overall costs of the PIJ printers as well.  
As explained above PIJ printing is suitable for printing solid inks as well as liquid 
inks /Le98, All06, Wij08/. Solid inks typically have a wax based ink vehicle, which is solid 
at room temperature and has a glass transition temperature (Tg) at about 80-100 °C 
/Le98, Mag09, All06/. The viscosity of the solid inks is suitable for jetting at temperatures 
about 30 K above the Tg, which defines the lower operating temperature /Le98, All06/. The 
upper limit is set by the Curie point of the piezo elements (> 240 °C for PZT), above which 
the piezoelectric properties are strongly affected /Hei08, All06/. When the printed molten 
drops contact the substrate, they solidify rapidly and form nearly hemispherical beads on 
the surface /Le98, Mag09, All06/. Because of the rapid solidification neither spreading nor 
penetration of the printed ink is possible. After deposition the top surface of the printed 
layer reveal a grainy texture because of the solidified ink beads. Therefore the layers are 
flattened by a post treatment like re-melting the printed drops or reforming them with a 
pressure fusing roller or a transverse cutter /Le98, All06, See01a/.  
The actuation signal of the PIJ printheads can be varied and thus it is possible to 
eject identical drops using different inks with any given viscosity and surface tension 
values /All06/. Similarly different signals can be applied to separate nozzles to 
compensate the manufacturing variations or to eject droplets with desired properties 
/Hei08, All06/. A common actuation signal is the bipolar drive pulse, which is the 
sequential generation of negative and positive pressures in the nozzle chamber /Hei08, 
All06/. In the first step the actuator enlarges the volume of the nozzle chamber and 
generates a negative pressure wave. This wave is reflected at the beginning of the inlet 
channel of the chamber and is converted to a positive pressure wave. Then the 
piezoelectric actuator squeezes the chamber and generates another positive pressure 
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wave, which amplifies the former wave.  The amplified resultant wave, which is larger than 
the wave generated by squeezing, ejects the droplet /Rei05a, Wij08/. A bipolar wave 
pulse provides the ejection of larger drops /All06/. Moreover, a uniform drop shape and 
integrity is achieved due to a homogeneous velocity distribution throughout the drops 
/Hei08/. Applying complex actuation signals to a PIJ nozzle enables the ejection of 
variously sized droplets from a given orifice /All06/. Although a great variety of pressure 
waves can be applied to PIJ printheads, the total pressure generated remains still low 
compared to other DOD inkjet printers /Asa92, Lin07, Nig99, Rem00/. The comparative 
low pressure in a PIJ nozzle causes a tendency of nozzle clogging in case of using 
pigmented inks, which are basically suspensions of solid pigment particles. Because of 
this reason dye based inks, which are solutions of dye molecules, are preferred as PIJ 
inks /Bee99, Nig99/.  
3.2.2.2. Thermal inkjet (TIJ) printing  
History and development 
Basically, a thermal inkjet (TIJ) printing device uses a small resistor element 
aligned directly above a nozzle orifice to fire the nozzle. The volume between the resistor 
and orifice is normally filled with ink. Heating the resistor instantaneously boils an ink film 
on the resistor and forms a vapour bubble, which forces the ink through the orifice /Shi92/. 
The mechanism of TIJ printing was identified and patented (US Patent 3,179,042) in 1965 
by the Sperry Rand Company, which did not further develop this invention into a 
commercial product /Wij08/. In 1979, Canon and HP companies reinvented the TIJ 
printing at the same time. Canon called it “bubble jet” while HP named it as “thermal 
inkjet” /Ham84, Ink10, Le98, Wij08/. The first commercial TIJ printer, HP ThinkJet, was 
introduced to the market in 1984 /Ham84, Nie85/. One year after the first Canon bubble jet 
printer BJ-80 was in the market as well /Ink10/.  
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There are two main types of thermal drop generators (Fig.3.3) according to the 
orientation of the resistor element to the orifice plate. In the side-shooter (edge-shooter) 
droplet generator, there is an angle of ~90° between the orifice plate and the surface of 
the resistor element, so that the drop trajectory is almost parallel to the resistor surface. 
This type is mainly used by Xerox and by the first Canon printers /All06, Wij08/. Differently 
the resistor element is parallel to the orifice plate in the roof-shooter (top-shooter) type of 
printers. In this case both bubble growth and drop trajectory are perpendicular to the 
resistor plane. This configuration is mainly used by HP, Canon, Lexmark, and Olivetti 
/All06, Lin04, Wij08/. Another type of TIJ drop generator is the back-shooter, which is not 
yet a commercial product but a topic of research. The orientation of the resistor and orifice 
plate are similar to the roof-shooter, but the ejected drops move in the opposite direction 
of the bubble growth /Hei08, Lee02, Sen07/.   
The summary of the 20 years of the DeskJet history shows the significant 
development in terms of hardware and software, which resulted in a tremendous progress 
in the printing quality. While the first DeskJet model was capable of printing a 300 dpi 
monochrome text, in 2008 HP60 colour cartridges offered a colour printing with 
4800 x 1200 dpi /Tec08, Twe08/. In this period the printing speed increased from 2 
pages/min for the first DeskJet model to 36 pages/min for DeskJet 6988 /Fac07, Twe08/. 
Furthermore, the first DeskJet was priced at $ 995, whereas several DeskJet models were 
available for $ 39 in the following years /Twe08/.  
Technical facts and potentials 
The production of the TIJ printheads can be realised by applying standard 
fabrication techniques used for manufacturing integrated circuits (IC) /All06, Bha85, 
Wij08/.  The use of the IC manufacturing techniques enables low production costs as well 
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as a miniaturisation of the TIJ printheads compared to other printheads /All06, Hei08, 
Lee03, Mag09, Smo98, Wij08/.   
Contrarily to PIJ drop ejectors, the TIJ ejectors are suitable for miniaturisation 
/All06, Wij08/. The vertical size of the vapour bubble on the resistor is in order of tens of 
micrometres and thus the volumetric displacement is sufficient for ejection even for small 
sized resistors /All06/. The drop size can be decreased by using miniaturised drop 
generators and small drops provide high accuracy and resolution of the printed images 
/Smo98/. The miniaturised TIJ printheads reveal a linear nozzle packing of 600 nozzles 
per inch, which equals to 42 µm distance between the centres of adjacent nozzles. By 
placing two nozzle arrays parallel to each other with a half-row offset, a vertical printing 
resolution of 1200 dpi can be achieved. This is applied in several printheads /All06/. 
Moreover small sized resistors are cooled faster by the ink. This provides an actuation of 
the drop generators at high frequencies and enables a 4800 dpi resolution in the scanning 
axis /All06, Hei08/. Resolution of 1200 x 4800 dpi is especially important for colour image 
reproduction. 
One of the most important advantages of TIJ printing is the high reliability /Smo98, 
Wij08/. This is mainly achieved by the use of disposable printheads, which is actually a 
result of the low manufacturing costs /Wij08/. In addition, the TIJ drop generators are less 
sensitive to air bubbles trapped in the nozzle chambers and have a lower tendency for 
nozzle clogging compared to other DOD printers /Smo98/. This behaviour can be 
explained by the comparatively high pressure of the vapour bubbles, which initially peaks 
up to 5-9 MPa /Asa92, Lin07, Rem00/. 
There are several structural constraints to be considered for the design and 
process development of TIJ printing systems. The high pressure and temperature in the 
nozzle chambers induce thermo-mechanical stresses especially on the resistor elements 
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/Ade94, Ask88, Hei08/. Moreover the hot ink may chemically attack the resistor and other 
components /Ade94/. When the vapour bubble inside the nozzle chamber collapses the 
ink refills the chamber, which creates a jet of ink causing high local pressures on the 
impact surface. This is known as cavitation and the resulting pressures can exceed 
130 atm /Ade94/. Although the resistor elements are covered by several protective 
coatings, a correct fluidic configuration of the nozzle chamber is the most important factor 
to against cavitational forces /Ade94, Ask88/. The thermal cycling during printing causes 
thermal stresses at the resistor element and the surrounding layers. Although thermal 
stresses do not result in a direct resistor failure, they can make the resistor element more 
vulnerable to cavitation and chemical attack /Ask88/. 
The formulation of TIJ inks is not trivial and several aspects must be considered. 
First of all, only the inks forming vapour bubbles when heated on the resistor element can 
be jetted using TIJ printers. Therefore, solid inks or molten metals are not suitable for TIJ 
printing. Another point is that the inks are exposed to high temperatures during the TIJ 
printing process and this may cause a deterioration of temperature-sensitive ink 
components. Despite the fact previous studies reporting TIJ printing of suspensions 
containing proteins, dissolved polymers, or oligomeric dispersants showed that the printed 
patterns reveal no deterioration and thus the high temperatures do not influence the ink 
components significantly /Rod00, Oka00, Par03/. On the other hand the heated ink should 
not damage the drop generator as well. A common problem in TIJ printing is kogation, 
which is the deposition of thermally decomposed ink components onto the resistor 
element /Lee03, Maz92, Pal88/. Kogation as a term was first used by Canon and it is 
derived from the Japanese word koga, which means burnt rice sticking to the surface of a 
pot /All06/. The kogation deposits act as thermal insulators reducing the heat transfer to 
the ink as well as the resistor performance and in extreme cases hinder the drop ejection 
/Lee03, Maz92, Pal88/. Therefore the ink composition must be optimised to ensure that 
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the thermal decomposition products are soluble in the ink /All06/. Additionally purifying the 
ink components or using anti-kogation agents helps eliminating kogation /All06, Lee03, 
Pal88/. Moreover the cavitation forces may help detaching the deposits and clean the 
resistor surfaces /Hei08/. 
3.3. A detailed analysis of the TIJ printing technology 
 Generally printing devices consist of two major units. The first unit is the printhead 
itself, which is responsible for the drop generation and the other unit is basically all the 
other components of the printer, which prepare, position and maintain the printhead and 
the media to be printed /Ric97/. Most of the DOD printers have a specific printhead but the 
other components are similar. This chapter describes the structure of the printhead used 
in this thesis and the printer components, which directly support the printhead. In the next 
section, detailed information on the mechanisms of TIJ drop ejection as well as the drop 
ejection cycle at nozzle level of the printer used in this study are given. The last section 
covers the typical components of TIJ inks.    
3.3.1. The design and structure of the HP45 (K) printhead 
 The printheads of different manufacturers reveal specific properties, like the drop 
generation principle, the number and size of the nozzles, the firing frequency etc. In order 
to visualise a TIJ printhead a SEM micrograph of an HP45 (K), which is the printhead 
used in this thesis, is shown in Fig.3.4. The TIJ drop generation system is normally 
covered by an orifice plate, which is partially removed in this example for a better 
observation. On the left hand side of Fig.3.4, uncovered nozzle chambers with the resistor 
elements are shown. The resistor elements are placed on the bottom centre of the nozzle 
chambers. Fig.3.5 shows a single resistor element (HP10) of about 35 x 35 µm. On the 
right hand side of Fig.3.4, two nozzles can be seen, each being associated with an 
individual nozzle chamber below the orifice plate, which is a polyimide film of ~50 µm 
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thickness /All06/. Each nozzle chamber is separately supplied with ink from the feedstock 
through an inlet channel. The walls building the channels are made of a photo-resist 
polymer /All06, Bha85, Hei08, Shi92/. 
Fig. 3.4. SEM micrograph of an HP45 (K) printhead.             Fig. 3.5. A resistor element.  
As shown in Fig.3.4 the inlet channels clearly separate the nozzle chambers from 
each other. The design of the inlet channels is optimised to prohibit any interaction or 
hydraulic crosstalk among the individual nozzles /Bus88, Hun94, Tse02/. Hydraulic 
crosstalk occurs when the local pressure during firing of a nozzle influences the menisci at 
the ink air interface of other nozzles /All85, Bak88, Nie85, Tse02/. The crosstalk between 
the adjacent nozzles can be reduced by extending the inlet channel or by decreasing its 
cross section /Bus88, Tse02/. Although both techniques are successful in reducing the 
crosstalk, they slow the ink refill, which limits the ejection frequency /Tse02/. Hydraulic 
crosstalk may degrade the printing quality by causing unintended drop formation at the 
neighbouring orifices /Nie85/. Moreover the idle nozzles can be overfilled, which could wet 
the exterior of the orifice plate /Bus88, Tse02/. The ink accumulated on the orifice plate 
could interfere with ejected drops and lead to misdirected or missing drops /Hun94/. 
The only interface of the ink in the printhead between the ambient is at the nozzle 
orifice. At this interface, the ink forms a meniscus. The configuration of this meniscus has 
a considerable influence on the drop volume and velocity /Bus88/. In the equilibrium state, 
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the ink forms a concave meniscus by the help of the constant negative pressure in the 
printhead, which is typically equal to a 2-5 inches water column (~0.5-1.25 kPa) /All06, 
Bak88, Bea94/. The shape of the orifice and the surface tension of the ink also influence 
the shape of the meniscus /Bak88, Can94/. In a convergent nozzle orifice, the ink forms a 
nearly spherical meniscus, which has the lowest energy state and therefore prevents the 
penetration of air into the nozzle chamber /Bak88/. On the contrary, a straight nozzle 
orifice tends to pull air bubbles into the nozzle, which may hinder the drop ejection 
/Bak88/. The nozzle orifice of a HP45 printhead is shown in Fig.3.6. It has a converging 
profile with respective entrance and exit diameters of ~65 µm and ~30 µm.  
                   
Fig. 3.6. A nozzle orifice (HP45).          Fig. 3.7. The separation filter of an HP45 cartridge. 
 The nozzle orifices on the orifice plate of the printhead (HP45) are not placed on a 
straight line; instead they follow a zigzag like slightly staggered pattern (see Fig.3.4). The 
nozzles of the HP45 printhead are grouped in two parallel rows, each having 150 nozzles 
in a staggered configuration. Considering the zigzag configuration each row of 150 
nozzles consists of three parallel sub rows each with 50 nozzles. There is a small distance 
between the sub rows. Due to the high nozzle count a direct and individual control of each 
separate nozzle is not possible /Ric97/. To fire a single nozzle respective pulse voltage, 
current, and duration values of 10 V, 250 mA, and 2.5 µs are needed. In case all the 
nozzles are fired at the same time a total current of 75 A at 10 V would be needed, which 
is not feasible. Because of this all nozzles cannot be fired simultaneously /Har88, Ric97/. 
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A matrix type of drive solves this problem by firing different groups of nozzles in 
consecutive sessions /Ric97/. If all the nozzles cannot be fired at the same time, the 
maximum resolution of the printer cannot be achieved with a single pass of the printhead. 
The staggered configuration of the nozzles is designed to obtain the full resolution. 
Knowing that the printhead glides with a constant velocity in the x-direction during printing, 
the sub rows of nozzles are fired one after another in order to compensate the distance 
travelled by the printhead between the successive firing sessions /Har88, May88, Nig99/. 
A further benefit of staggered positioning is the possibility to place more nozzles in a row 
of nozzles by reducing the vertical distance between the centres of adjacent nozzles. 
Moreover, the staggered firing order of the nozzles helps to reduce the hydraulic crosstalk 
between the neighbouring nozzles /All06/.  
 A high level of reliability can only be achieved if the printheads are resistant 
against clogging of the inlet channels and the nozzle orifices. The printheads are carefully 
assembled under clean room conditions in order to avoid undesired particles, which could 
block the nozzles. Moreover, the printhead is separated from the ink cartridge with a fine 
filter, which prevents printhead clogging due to large particles or fibres in the ink that can 
be formed during long time interaction of the cartridge components and the ink. The 
feedstock in Fig.3.4 is separated from the main ink reservoir of the HP45 cartridge by a 
metallic filter of ~20 µm mesh size. A SEM micrograph of this filter is shown in Fig.3.7.  
The most important and differentiating part of a TIJ drop generator is the resistor 
element in the nozzle chamber /Shi92/. A scheme (not to scale) of the nozzle chamber of 
a roof-shooter HP printhead is given in Fig.3.8 /Ade94, Ask88, Che97, All06, Nig99/. The 
whole drop generation system is built on a p-type silicon substrate, which allows the 
fabrication of the TIJ printheads by using the readily available wafer handling and 
processing techniques /All06, Ade94, Bus88/. The substrate (marked with 1 in Fig.3.8) 
has a thickness of ~500 µm /Che97/. The first HP TIJ printer, HP ThinkJet, had a glass 
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substrate instead of silicon /Bha85/. Compared to glass, silicon reveals a higher thermal 
diffusivity and thermal conductivity, which promotes the heat flow at the ink substrate 
interface as well as the heat removal from the resistors. This provides a more uniform 
substrate temperature and a high rate of heat transfer to the ink /All85, Bus88/. The 
surface of the Si-substrate is coated with a chemical vapour deposited SiO2 layer (marked 
with 2 in Fig.3.8), which is an electrical and thermal barrier between the substrate and the 
resistor /Ade94, All06/. A thickness of 1-3 µm is sufficient for a proper insulation and a 
rapid relaxation of the temperature gradient between the pulses, which ensures a cool 
surface at the time of the bubble collapse and prevents secondary bubble nucleation 
/All85, Che97/. SiO2 was selected out of several materials including Al2O3, Si3N4, and SiC 
as the thermal barrier, because of its superior thickness uniformity, defect density, and 
etch resistance /Ask88/. The Ta-Al resistor film (marked with 3 in Fig.3.8) with a thickness 
of ~ 100 nm is sputter deposited onto the SiO2 layer /All85, Ask88, Bha85, Hei08/. The 
resistor element can also be made of HfB2 /Che97, Hei08/. The resistor film was coated 
with ~1 µm insulating Si3N4 + SiC passivation layer (marked with 4 in Fig.3.8) /All06, 
Ask88, Che97/. This layer is covered with a further ~250 nm Ta passivation layer (marked 
with 5 in Fig.3.8) /All06, Ask88, Che97/. Both of these layers protect the resistor and 
conductor films from electrical, thermal, and cavitational forces and the chemical attack of 
 
Fig. 3.8. The nozzle chamber of an HP thermal inkjet printhead (not to scale).  
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 the ink /All06, Ask88, Bha85/. These layers are thin and uniform in order not to influence 
the thermal response and they reveal a high fracture toughness /All06, Ask88/. An 
electrode film (marked with 6 in Fig.3.8) made of aluminium doped with a small 
percentage of copper is sputtered onto the resistor /All06, Ask88, Bha85/. Onto this stack 
a photo imageable polymer was applied by hot roll lamination /All06, Bus88, Shi92/. This 
thick film of typically 26 µm (marked with 7 in Fig.3.8) determines the distance between 
the resistor element and the nozzle orifice /Bus88, Shi92/. This polymer film is exposed to 
light using a mask and chemically developed to form the nozzle chambers and inlet 
channels with a smallest lateral dimension of ~35 µm /All06, Bus88/. The orifice plate 
(marked with 8 in Fig.3.8) containing the nozzle orifices is attached to the complete 
structure /All06/. The orifice plate is either fabricated by laser ablation of a ~50 µm thick 
polyimide film or is a metal foil (usually Ni) manufactured by electroforming /All06, Che97/. 
Compared to electroforming, laser ablation is a rather simple and economical technique, 
which additionally offers the possibility of embedding the electrical interconnects /All06/. 
The embedded electrical contacts in the orifice plate of the HP45 cartridge connect the 
silicon substrate to 52 pads at the printhead printer interface /Smo98/. Power, control 
signals, and data are transmitted to the printhead via the connection pads /All06/. 
3.3.2. Components assisting the printhead operation 
TIJ printheads and inks are optimised for reliable printing for the entire lifetime of 
the cartridge. In case one or more nozzles are clogged or malfunctioning the print quality 
clearly decreases and the printhead must be replaced. Therefore a reliable operation of 
the printhead is only possible when every single nozzle is functioning properly. On the 
other hand clogging is not always due to the large particles but the influence of the 
surrounding like temperature, humidity, or pressure may also lead to nozzle clogging. The 
external factors leading to nozzle clogging cannot be avoided by optimising the printhead 
or the ink. Therefore several additional components assisting the printhead are developed 
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and assembled to the printer. Briefly, these components maintain the optimum printhead 
performance and print quality as well as the printing stability.  
As mentioned above the main problem of the DOD printers is the clogging of the 
nozzle orifices /Cal01, Pal88/. Undesired changes in the properties or composition of the 
ink at the nozzle chamber may lead to nozzle clogging /Hol88, Nie85, Pal88/. These 
changes usually occur at the ink air interface because the volatile components of the ink 
evaporate and thus resulting in an increase in the concentration of the non-volatile ink 
components /All06, Cal01, Hol88, Pal88/. There are two mechanisms of nozzle clogging 
/Pal88/. The first mechanism is the formation of a soft (viscous) plug at the nozzle, which 
has a higher viscosity compared to the ink because of the changed composition /All06, 
Hol88, Pal88/. Low ambient temperatures and low humidity conditions can also lead to the 
formation of a viscous plug /Hol88, Pal88/. In extreme cases the viscous plug hinders the 
drop ejection. Even if the plug can be ejected the drops reveal different properties, which 
degrade the print quality /All06, Pal88/. The plug formation can be suppressed by 
reducing the evaporation rate of the ink by adding humectants to the ink /Kan91, Lee03, 
Nie85/. However, high humectants content may cause an undesired wetting of the orifice 
plate, which interferes with drop ejection /Lee03/. Additionally, such inks are absorbed 
very slowly by the paper, which slows down the printing process significantly /Nie85/. 
Another strategy is to remove the soft plug periodically to ensure a stable printing process 
/All06, Hol88/. The plug viscosity is reduced by warming using the resistor elements so 
that the plug can be removed by firing into a spittoon /Hol88/. The other mechanism of 
nozzle clogging is the formation of a hard plug (crust), which forms as an ink component 
precipitates or crystallises out of solution because of the increased concentration /Pal88/. 
A hard plug can also be formed by particle agglomeration in case of printing particulate 
inks or by the formation of solid calcium carbonate by the reaction of the calcium ions with 
absorbed atmospheric carbon dioxide /Lee03/. In case of particulate inks, it is suggested 
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to adjust the particle size distribution of the ink to achieve a ratio of 25 between the nozzle 
diameter and the maximum particle size /Der03, Lej09/. Unlike a soft plug, a hardened 
crust can lead to the replacement of the printhead /All06/. Therefore, it is important to 
hinder the formation and hardening of a plug.  
A common desktop printer has several electrical and mechanical units to support 
and optimise the printhead performance and maintain optimum print quality. The group of 
components of the printer to ensure the printing stability is called the printhead service 
station /All06, Dan94, Har88, She97/. The main objectives of the service station are: (a) 
preventing the nozzles from drying out, (b) protecting the printhead from dust and paper 
fibres in the idle state, (c) mechanically cleaning the orifice plate during printing, (d) 
providing a station to purge the soft plugs prior to printing, and (e) providing a method to 
clear a plugged printhead without removing it from the printer.  
The service station performs the capping, wiping, spitting, and priming/purging 
functions in order to meet the objectives listed above /All06, Dan94, Har88, She97/. The 
software of a common desktop printer activates or deactivates these functions by tracking 
the number of ejected drops by each nozzle, total printing time, number of printed pages, 
idle time of each nozzle during printing, total idle time, and similar parameters /All06/. 
Sophisticated service stations use optical and electrostatic sensors to keep track of the 
drop characteristics, like volume, velocity, and trajectory /All06/. Usually the service 
station is placed next to the printing region below the printhead level. In this manner the 
printhead can be treated continuously during the idle state and by visiting the station 
periodically during the printing process. The capping function is performed by an 
elastomeric cap, which seals the printhead in the idle state /All06, Har88/. The cap 
protects the printhead from dust and provides a humid environment, which limits the ink 
evaporation and prevents the plug formation at the nozzles /All06, Har88/. Any particles 
inside or around the nozzle orifice may misdirect the drops or block the nozzle /Dan94/. 
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Therefore the orifice plate is periodically wiped by a flexible and elastomeric wiper blade 
to remove any ink spray, ink crust, or dust particles /All06, Dan94/. The service station 
includes a spittoon, which is typically a bottomless pit including an absorbent pad /All06, 
Dan94/. The printhead periodically visits the spittoon and fires all nozzles. This is called 
spitting and it ensures that the plugs are removed and the nozzles are filled with fresh ink 
/All06, Bak88, Hol88/. The priming/purging function removes air bubbles in the nozzles as 
well as the internal and external ink crusts by drawing fresh ink through the nozzles /All06, 
Bak88, Dan94/.  
3.3.3. Principles of drop ejection 
 The drop ejection mechanism of TIJ printing is rather complex compared to PIJ 
printing, in which nozzles mechanically move to generate a pressure wave that ejects a 
drop. Contrarily, in case of TIJ drop ejection “nothing moves, but the ink itself”, which 
means that the ink forms a piston like bubble to push the drop through the nozzle /All98, 
Nig99/. The first part of this section describes the boiling of a liquid at the interface with a 
heated solid, especially the phenomenon of pool boiling. Subsequently the drop ejection 
cycle at the nozzle level is given in detail. In the last part the several factors influencing 
the drop volume and the pulse warming method to set the drop volume of a given drop 
generator are explained. 
3.3.3.1. The theory of pool boiling 
 The drop ejection mechanism of TIJ printing depends on the liquid gas phase 
transition of the ink at the interface with a heated solid, which is actually a boiling process. 
The term boiling describes a phase change process, in which vapour bubbles are formed 
either at a solid liquid interface or in a superheated liquid film adjacent to the solid surface 
when the solid surface temperature Ts is above the saturation temperature Tsat, which is 
the boiling point at the corresponding liquid pressure /Dhi98, Inc96/. During boiling vapour 
  
30 
  
bubbles form, grow, and subsequently detach from the solid surface. The bubble 
dynamics depend on the excess temperature (?Te = Ts – Tsat), the nature of the surface, 
and thermo-physical fluid properties /Inc96/. Boiling at the solid liquid interface is called as 
pool boiling when the motion of the liquid close to the solid surface is only due to natural 
convection, whereas it is called as forced flow boiling when the liquid is forced to flow on 
the solid surface by external forces /Dhi98, Inc96/.  
The different regimes of the pool boiling process have been extensively studied 
/Dhi98, Inc96/. Fig.3.9 shows the typical regimes in a boiling curve of water at 1 atm. In 
the graph, the surface heat flux q"s is plotted as a function of the excess temperature ?Te 
/Inc96/. The first regime is called as free convection boiling and is observed for 
~1 K < ?Te < ~5 K. In this regime the fluid motion is determined basically by free 
convection and no vapour bubbles are present /Dhi98, Inc96/. At the point A in Fig.3.9, 
which is called as the onset of nucleate boiling, vapour bubbles appear on the heater 
surface, especially on surface defects like cavities or scratches that already contain 
vapour nuclei /Dhi98, Inc96/. The second regime is the nucleate boiling regime and it can 
be considered as two sub regimes. Between the points A and B in Fig.3.9, isolated 
bubbles form at randomly located nucleation sites and only a partial nucleate boiling is 
observed /Dhi98, Inc96/. In this region the heat exchange occurs by a direct transfer from 
the surface to the liquid and not through the rising vapour bubbles /Inc96/. In the region 
between the points B and C in Fig.3.9, the density of the active nucleation sites is higher 
and a fully developed nucleate boiling can be observed, in which separate bubbles merge 
in the vertical direction to form vapour jets or columns /Dhi98, Inc96/. The maximum or 
critical heat flux q"max sets the upper limit of the nucleate boiling regime, which also limits 
the efficient operating region of engineering devices /Dhi98, Inc96/. The nucleate boiling 
regime reveals optimum heat transfer rates and convection coefficients and therefore 
offers the best cooling or heating performance for engineering devices /Inc96/. The region 
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between the points C and D in Fig.3.9 shows the transition boiling regime, which is also 
called as the unstable film boiling or partial film boiling regime /Inc96/. In this regime the 
heat flux at the solid liquid interface decreases as ?Te increases and therefore this regime 
is unstable and shows characteristics of both nucleate and film boiling regimes /Dhir98/. 
With increasing ?Te the fraction of the surface covered by the vapour film increases and 
this leads to a decrease in the heat flux due to the lower thermal conductivity of the 
vapour compared to the liquid /Inc96/. At point D of the boiling curve in Fig.3.9, which is 
also called the Leidenfrost point, the heat flux is at a minimum value and the surface of 
the solid heater is completely covered by a vapour film /Inc96/. At this point the heat 
transfer from the solid to the liquid is conveyed only by conduction through the vapour 
film/Inc96/. Beyond the Leidenfrost point the film boiling regime is observed. As the 
excess temperature increases radiation becomes the significant mechanism of the heat 
transfer from the solid to the liquid /Inc96/. The film boiling regime usually ends when the 
 
Fig. 3.9. Typical pool boiling curve for water at 1 atm /Inc96/. 
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surface temperature exceeds the melting temperature of the solid heater /Inc96/.  
 The typical boiling phenomenon at a solid liquid interface considering a normal 
boiling with heterogeneous bubble nucleation can be explained using the boiling curve of 
water in Fig.3.9. However, the temperature of a liquid can be raised above Tsat without 
vapour formation up to a certain temperature limit, which is called as the superheat limit 
temperature TSL (or the homogeneous nucleation temperature) /All85, Ave99, Jen85/. The 
TSL is defined as ~90% of the critical fluid temperature /All85, Dhi98, Jen85/. The critical 
temperature is a physical property of a fluid, whereas the TSL depends on ambient 
pressure as well as the fluid properties /All85/. A liquid can be superheated up to TSL 
under non-equilibrium conditions, which can be achieved by applying very high heating 
rates, inertial limitations on bubble formation, and an unavailability of nucleation sites 
/All85, Bro88, Wie99/. When the temperature of a superheated liquid reaches to TSL the 
meta stable liquid cannot exist any longer and a phase transition occurs by explosive 
evaporation, which creates a strong pressure wave compared to normal boiling /Bro08, 
Par05, Pat81, Wie99/. Exactly this pressure wave is used as the mechanism to eject 
droplets in TIJ printing devices /All85, All06, Can94, Mag09, Shi92, Wie99/.  
3.3.3.2. The TIJ drop ejection cycle at the nozzle scale 
 The TIJ drop ejection process can be briefly explained as the rapid heating of the 
resistor element to temperatures > TSL in order to form a vapour bubble due to explosive 
evaporation, which accelerates an ink droplet through the nozzle orifice. This section 
explains the drop ejection process at the nozzle level and in more detail. In addition, the 
drop ejection cycle of a HP45 printhead is given. 
In order to heat the resistor and fire the nozzle an electrical pulse is applied to the 
resistor for 2-5 µs /All06, Mag09, Shi92/. As mentioned in section 3.3.1, this pulse equals 
to 10 V and 250 mA and is applied for 2.5 µs in case of the HP45 printheads /Ric97/. The 
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pulse rapidly heats the resistor element up to ~400 °C /All85, Ask88, Shi92/. Water, HP 
ThinkJet ink, and a typical water based inkjet ink have respective TSL values of ~320 °C, 
~330 °C, and ~340 °C at 1 atm, which are all lower than the heater surface temperature 
/All85, All06, Koh08, Wie99/. As mentioned above when a liquid is heated up to the TSL 
the homogenous nucleation is inevitable and an explosive evaporation would be observed 
/Bro08, Par05, Pat81, Wie99/. The high heating rate suppresses heterogeneous 
nucleation because the low temperature nucleation sites do not have sufficient time to 
activate and it ensures a homogeneous nucleation of the ink /All85, All06/. Homogeneous 
nucleation is independent from the heater surface properties and thus it provides the 
repeatability of the vapour bubbles in terms of energy release and timing, which is the key 
factor for achieving drops of reproducible volume and velocity /All85, All06, Koh08, 
Asa91/. The heat of the resistor penetrates into an ink layer of < 1 µm thickness because 
of the rapid heating process and an even thinner ink film of ~0.1 µm thickness evaporates 
explosively to form the vapour bubble /All98, All06, Nig99/. When the temperature of the 
ink film reaches the TSL a bubble is formed, which covers the whole resistor area and 
insulates the ink from the heater due to the low thermal conductivity of the vapour bubble 
/All06, Koh08/. The insulation prevents the direct heating of the ink in the nozzle chamber 
during the nucleation process but the Si-substrate is heated during the ejection process. 
The electrical pulse heating the resistor element ends when the ink evaporates and the 
resistor cools down by conduction into the substrate until the following pulse /All06/. As a 
result, the contact with the substrate indirectly heats the ink in the chamber about 35 K 
depending on the ambient temperature and printing density /All06/. A change in the ink 
temperature affects the physical properties of the ink and therefore the drop 
characteristics as well. In order to standardise the drop properties the temperature of the 
ink in the nozzle chambers is set to ~60 °C by heating with short electrical pulses between 
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the ejection cycles and when the ink is overheated the printing speed decreases to reduce 
the temperature /All06, Boh94a/.  
The explosively formed vapour bubbles reveal an initial pressure up to 9 MPa, 
whereas this high pressure phase lasts only ~1 µs because of the small vapour quantity in 
the rapidly expanding bubble /All85, All06, Lin07/. The initial pressure is the driving force 
for the bubble growth, which accelerates the ink and pushes it through the nozzle. About 
90% of the accelerated ink forms a droplet, which has a velocity between 5-17 ms-1 
depending on the ink properties and resistor settings /All06, Fen02, Koh08/. The vapour 
bubble pushes a small amount of ink backwards into the inlet channel and this ink flow 
cleans the inlet channel from accumulated particles or air bubbles /All06/. When the 
bubble collapses the meniscus at the ink air interface is pulled into the nozzle orifice and 
the drop breaks off /All06, Nig99/. At this moment the meniscus is at the deepest position 
and creates a sub atmospheric pressure, which draws ink from the feedstock and resets 
the meniscus position /All06, Nig99/. In order to avoid a secondary vaporisation, the 
resistor must be already cooled down before it is covered with ink, which means the heat 
must flow to the Si-substrate through the thermal barrier layer between the resistor and 
the substrate (Fig.3.8) /Ade94, All85, All06/.  
 A scheme of the drop ejection cycle at a TIJ nozzle is shown in Fig.3.10. For an 
HP45 printhead, which prints at 12 kHz, the total duration of a drop ejection cycle is 
~80 µs /Nig99/. The firing frequency of a printhead is determined by several factors 
including the dimensions of inlet channels, the thickness of the polymer ink barrier, and 
the physical ink properties /Shi92/. The first picture in Fig.3.10 shows the phase of bubble 
nucleation. During this phase the nucleation of bubbles at several sites is observed. After 
~3 µs a vapour film covers the resistor and expands rapidly /Nig99/. The second picture in 
Fig.3.10 shows the phase of the bubble growth. At the ~10th µs the bubble reaches its 
maximum volume /Nig99/. Meanwhile the ink in the chamber is accelerated and ejected 
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through the orifice, which defines an ejection period of ~7 µs for the HP45 printhead. The 
third picture in Fig.3.10 shows the phase of bubble collapse and drop break off. Before the 
20th µs the bubble collapses and a droplet of 35 pl pinches off from the total ejected 
volume and the excess ink contracts by surface tension and flows back into the nozzle 
chamber /Che97, Fen02, Nig99/. The last picture in Fig.3.10 shows the refill phase. At the 
80th µs the chamber is refilled and the meniscus at the ink air interface is stable /Nig99/. 
The fourth phase ends the drop ejection cycle and at the 80th µs the chamber is ready to 
eject the next droplet. 
 
Fig. 3.10. The drop ejection cycle of a TIJ printhead /All06, Nig99/. 
3.3.3.3. Optimising the drop size of a TIJ printhead 
 As mentioned in section 3.2.2.1, the PIJ drop generators are capable of ejecting 
droplets of various sizes using the same nozzle but different actuation pulses /All06/. 
Contrarily the TIJ drop generators are designed to eject drops of a predetermined certain 
size in order to fulfil the resolution requirements.  
Each resolution level is defined by a specific minimum dot size on the print media 
(paper), which is ~120 µm and ~60 µm for resolutions of 300 dpi and 600 dpi, respectively 
/Bri94, Hun94/. If the ink drop would not spread on the paper at all, which means the 
contact angle between the drop and the paper is ~90°, the drop diameter would be equal 
to the dot diameter /Bri94/. In this case a drops with a volume of ~905 pl, which 
corresponds to a drop and dot diameter of ~120 µm, would be required for a 300 dpi 
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resolution /Bri94, Hal94, Hun94/. Such large drops would cause severe problems in the 
aspects of drying time and bleed, which is the loss in the edge acuity of the printed 
symbols due to the mixing of adjacent drops because of the slow ink penetration into the 
paper /Bri94, Hal94, Hun94/. Such problems can be avoided by ejecting small drops and 
adjusting the required dot size according to the spreading behaviour of the ink on the print 
media /Bri94, Hun94/. On the other hand, if the drops are too small or the spreading is 
insufficient the result would be an incomplete pattern fill and a low image density /Bri94/. 
Therefore the drop size must be optimised for a given ink and print media considering the 
spreading behaviour. Spreading can be promoted by manipulating either the ink 
properties, like the addition of surfactants to the ink, or the print media, like implementing 
special coatings /Bus88, Bri94, Hun94/. For example in a study using HP DeskJet 500C 
printers and a polyester printing media, the drop size was set to ~100 pl instead of the 
calculated ~905 pl by optimising the spreading of the ink on the medium to achieve a dot 
size of 120 µm /Bri94/. In case the ink would not spread at all, a 100 pl drop would form a 
dot of ~58 µm, which is about the half of the required dot size /Bri94/. Therefore, the dot 
size and thus the drop size must be separately optimised for each specific desktop TIJ 
printer in order to meet the resolution and print quality requirements. 
 The drops must have identical drop volume and velocity under a variety of different 
environmental conditions, which are temperature, relative humidity, and atmospheric 
pressure. Particularly the temperature has a significant influence on the physical 
properties of the ink and especially on the viscosity. The density and the viscosity of the 
ink are the main factors affecting the drop velocity and volume /Asa92, Koh08, Lin07/. A 
decrease in the ink density results in an increase in both drop volume and velocity /Lin07/. 
An increase in the ink temperature reduces the ink viscosity and thus increases the drop 
volume and velocity /Asa92, Boh94a, Lin07/. A change in the environmental conditions 
does not influence the density directly but the ink temperature is nominally equal to the 
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ambient temperature. The fluctuations in the viscosity due to changes in temperature can 
be eliminated by pulse warming the ink in the nozzle to a constant temperature as 
explained in section 3.3.3.2 /All06, Boh94a, Hun94, Ric97/. However, adjusting the 
physical properties by pulse warming can only narrow the drop volume and velocity 
distributions. The drop characteristics are in fact determined by the nozzle configuration, 
which include the size of the resistor and nozzle chamber, the profile of the nozzle orifice 
especially the diameter and the tapering angle, the resistor orifice alignment, and the 
structure of the inlet channels /Shi92, Lin07/. 
 The ejection of small sized identical droplets is desired for desktop TIJ printers 
because such droplets are of crucial importance for high print quality, resolution, and 
photographic image reproduction. Fig.3.11 shows the steps applied for adjusting the drop 
volume distribution by applying pulse warming for an HP DeskJet 1200C printer with 
HP40 cartridges /Boh94a, Hun94/. The cartridges are mass products and although they 
are produced with the same manufacturing methods, there are always small differences 
between individual nozzles and cartridges /Boh94a/. Besides, the printhead especially the 
resistor surfaces can be altered in the long run, which in turn can influence the drop 
volume as well /Hun94/. As mentioned above the main factor affecting the drop volume 
distribution is the ink viscosity, which strongly depends on the ambient temperature unless 
pulse warming is applied /Boh94a, Hun94, Ric97/. Fig.3.11a shows a realistic distribution 
of the ink temperature and the corresponding drop volume distribution. The drop volume 
distribution is proportional to the ink temperature distribution, which means that a narrow 
drop volume distribution can only be achieved in case of a narrow temperature 
distribution. The drop volume distribution curve in Fig.3.11a defines an acceptable range 
of the drop volume. The drops out of this range do not fulfil the print quality requirements 
and therefore they must be eliminated by narrowing the distribution curve. Fig.3.11b 
shows the ink temperature and drop volume distributions in case of applying pulse 
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warming. Warming the ink not only increases the average ink temperature but also 
narrows the temperature distribution by eliminating the low temperature part of the curve. 
The increase in the average temperature increases the average drop size and 
 
Fig. 3.11. The influence of pulse warming on the drop volume distribution /Boh94a/.  
shifts the drop volume distribution curve as shown in Fig.3.11b. The drop volume 
distribution curve in the same figure is narrower than the curve in Fig.3.11a, which is a 
result of the narrow temperature distribution curve in Fig.3.11b. The higher the ink 
temperature, which is set by pulse warming prior to printing, the narrower is the drop 
volume distribution curve /Boh94a/. As seen in Fig.3.11 pulse warming eliminates the 
unacceptably small drops but increases the fraction of the large drops above the 
acceptable range, which is a result of the decrease in the viscosity /Boh94a, Hun94, 
Ric97/. The narrow drop volume distribution would perfectly fit to the acceptable range if 
the nominal drop volume could be lowered /Boh94a/. In case of the HP DeskJet 1200C 
printer, the HP researchers lowered the nominal drop volume by ~5 pl and fit the drop size 
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distribution in the range by optimising the dimensions of the orifice diameter, resistor size, 
and the barrier geometry /Hun94/.  
3.3.4. Design and development of inks and typical ink components 
 The ink and the printhead are the two vital components of the inkjet printing 
system, because even they are improved individually to an outstanding level, it is finally 
the cooperation of both, which defines the printing performance. This section focuses on 
the challenges for designing and developing inkjet inks. The composition of the inks is not 
trivial and the inks must fulfil several functional requirements. The first part of this section 
explains these requirements and the two main types of inks used in inkjet printing. 
Subsequently, the ink composition, the functional components, and the stabilisation 
mechanisms of inks are described. The last part mentions manufacturing and shelf life 
considerations of the inks. 
3.3.4.1. Design requirements of inkjet inks 
The challenging functional requirements of the inkjet inks make the design and 
development of the inks non-trivial. Three categories of requirements can be defined for 
inkjet inks: (a) intrinsic characteristics of the inks, (b) ink performance in the printers, and 
(c) interaction of the ink with print media /Kan91/. However, all these requirements are 
intricately related to each other, and therefore the ink composition is a compromise 
between these categories /Kan91/.   
The intrinsic ink characteristics are basically the physicochemical ink properties, 
which are related to the ink composition. The physicochemical properties can be listed as 
viscosity, surface tension, pH, conductivity, purity of the components, sound velocity, dye 
solubility, visible spectrum, density (specific gravity), solid content, and stability of the inks 
as well as health, safety, and environmental considerations /Kan91/. These properties are 
specific for the printing technology even for the type or model of the printhead, and thus 
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they must be optimised for the specific operation range of the given printhead /Le98, 
Mag09/.  
The performance requirements of the inks are based on the interaction with the 
printhead as well as the other components. First of all the inks must be compatible with 
the printer components and no corrosion of the metallic parts, no softening or swelling of 
the organic parts, and no contamination should occur. Moreover chemical reactions, 
biological or fungal growth, particle agglomeration or precipitation, and foaming must be 
suppressed during the operation and storage. The ejected drops must be of identical 
volume and velocity. The drop break off length must be uniform and no satellite or 
secondary droplets should be present. The ink must be resistant against pH changes, 
decomposition, evaporation losses and should neither clog the orifices nor wet the orifice 
plate /All06, Kan91, Le98, Mag09, Pal88/.  
The droplets must also fulfil several requirements after deposition on the print 
media to achieve good print quality. The drops should reveal proper wetting and 
spreading on the substrate and dry quickly. In case of printing on non-porous media the 
surface energy of the substrate and the surface tension of the ink define the spreading 
and the dot size /Mag09/. In case of printing on porous paper media, the ink vehicle 
should rapidly wet the surface and penetrate into the paper to set the correct dot size to 
provide print acuity /All06/. During penetration and evaporation, errors like bleeding, 
feathering, mottling, or line banding as well as curling or cockling of the paper should not 
occur. Furthermore, the printed patterns should have high optical density, good colour 
quality, light and water fastness as well as rub and smear resistance /All06, Bri94, Hun94, 
Kan91, Le98, Mag09/. 
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3.3.4.2. Solid and liquid inks 
The inkjet inks can be categorised into two basic groups according to their 
structure at room temperature: (a) solid inks (phase change), and (b) liquid inks. As 
mentioned in section 3.2.2.1, the solid inks are in solid phase at room temperature and 
they are molten prior to printing /All06/. As the drops reach the print media the viscosity 
rapidly decreases due to cooling and the drops usually do not spread or penetrate into the 
media /All06/. Table 3.2 shows the components of a typical solid ink /Le98/. The liquid 
inks are in liquid phase at room temperature and they can be classified according to their  
Table 3.2. Typical components of solid (phase change) inks /Le98/.  
Component Function Concentration / % 
Solid wax mixture Solvent, carrier medium 40 – 70 
Colorant (dye / pigment) Provides colour 1 – 10 
Viscosity modifier Lowers viscosity  5 – 20 
Tackifier Promotes adhesion 1 – 15 
Plasticiser  Provides flexibility 1 – 15 
Anti-oxidant Provides heat stability 0.05 – 2 
Table 3.3. Typical components of aqueous (water based) inkjet inks /Le98, Lee03/. 
Component Function Concentration / % 
H2O (deionised) Solvent, carrier medium 60 – 90 
Co-solvent (water-soluble) Humectants, viscosity  5 – 30 
Colorant (dye / pigment) Provides colour 1 – 10 
Surfactant  Surface tension and wetting 0.1 – 1 
Biocide, preservative Prevents biological growth 0.05 – 1 
Buffer Controls pH 0.1 – 0.5 
Other Chelating agent, defoamer…  > 1 
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carrier medium as aqueous (water based) and non-aqueous (solvent based) inks /Le98, 
Mag09/. The typical components of an aqueous ink are given in Table 3.3 /Le98, Lee03/. 
Aqueous inks are usually used in desktop printers whereas non-aqueous inks are used for 
industrial marking and coating applications /Le98, Mag09/. The carrier medium of non-
aqueous inks can be an oil or a low vapour pressure volatile organic solvent /Le98, 
Mag09/. Although solid and liquid inks are of different structure, they are both composed 
of a carrier medium, a colorant, and several components of similar functionalities /Le98/. 
The colorant is typically either a dye, which is soluble in the carrier media, or a pigment, 
which is dispersed and suspended in the media /All06, Kan91, Le98, Mag09/. In case of 
functional inks used for deposition of various materials the colorant is substituted with the 
specific material, which could be metallic particles for printing electrically conductive 
structures /Nur02, Smi06, Str09, Tay02a/, biological materials for depositing 
biotechnological applications /All01, Par03, Sau08, Sma02/, polymeric particles for 
manufacturing various electronics applications /Ber07, Kaw03, Liu03, Sir00/, or inorganic 
particles for printing structural or functional structures (see section 3.5).  
Another type of special inks are the UV curable inks, which show a liquid solid 
phase transition when irradiated with UV light of particular wavelength and intensity /Le98, 
Mag09/. One of the major advantages of UV curable inks is the possibility of printing 
durable and sharp images on non-porous media /Le98, Mag09/. 
3.3.4.3. Typical ink components and stabilisation mechanisms  
The formulation of an ink, which fulfils all the requirements listed in section 3.3.4.1, is 
not trivial. In addition to the carrier medium and the colorant, the inks include several 
functional components depending on the printing system. Moreover there is a diverse 
variety of inkjet inks for numerous applications, which require different ink formulations. An 
extensive list of the components for all kinds of inkjet inks can be listed as follows:  
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? The carrier medium (also solvent or ink vehicle): It is typically 60–80% of the 
ink and it serves as a vehicle to suspend or dissolve the colorants and other functional 
ingredients and is in liquid phase during the ejection /Kan91, Le98, Lee03, Mag09/. In 
aqueous inks water is the medium and in non-aqueous inks an organic solvent or an oil is 
usually used /Le98, Mag09/. The most common carrier fluids can be listed as: (a) water, 
(b) polyhydric alcohols (e.g. ethylene glycol, propylene glycol, glycerine, 2-propanol etc.), 
(c) alcohols (e.g. ethanol, propanol, cyclohexanol etc.), (d) ethers (e.g. ethylene glycol 
monomethyl ether, tripropyleneglycol monomethyl ether etc.), (e) alkanol amines (e.g. 
monoethanol amine, N,N-dimethylethanol amine, morpholine etc.), (f) dimethylsulfoxide, 
(g) silicon oil, (h) mineral oil, (i) acetone, (j) epoxies, (k) methyl ethyl ketone, (l) solder 
/Lee03/.  
? Colorant (payload): It is the functional material to be deposited and the most 
essential part of the ink. All other ink components assist the ejection and deposition of the 
payload. In case of ejecting liquid metals for soldering, lubricants for precision spot 
lubrication, or molten waxes for rapid prototyping purposes, the carrier medium is the 
colorant at the same time /Lee03/. There are numerous types of colorants or payload 
materials according to the application. A detailed list includes: (a) pigments and dyes in 
the graphic imaging, (b) metal particles for printing conductive tracks or soldering /Lee03, 
Nur02, Smi06, Tay02a/, (c) nucleotides, proteins, enzymes, cells, and microorganisms for 
biotechnological applications /All01, Lee03, Par03, Sau08, Sma02/, (d) photoactive 
chemicals for medical therapeutics or dental applications /Lee03/, (e) optical materials for 
micro-lenses /Dan01, Lee03/, (f) polymers for electronics applications /Ber07, Kaw03, 
Lee03, Liu03, Sir00/, (g) thermoplastics or waxes for rapid prototyping /Lee03/, 
(h) solvents for micro etching /Lee03/, and (i) masking materials for micromachining 
/Lee03/.  
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? Humectants: They are usually hygroscopic and miscible in the carrier medium 
and prevent the loss of ink due to evaporation, especially at the nozzle orifices /Bus88, 
Kan91, Lee03, Nie85, Pal88/. As explained in section 3.3.2, evaporation of the ink at the 
orifices may result in formation of viscous plugs or solid crusts, which both hinder stable 
printing /Hol88, Pal88/. Some commonly used humectants are: (a) propylene glycol, 
(b) glycerine /Nie85/, (c) ethylene glycol /Bus88, Nie85/, (d) diethylene glycol, 
(e) polyethylene glycol, (f) polypropylene glycol, (g) n-methyl-pyrrolidine, (h) 2-pyrrolidone, 
(i) n-methyl-2-pyrrolidone, and (j) 1,2-dimethyl-2 imidazolidinone /Lee03/.  
? Viscosity modifiers: They are used to set the ink viscosity to an optimum range 
because the viscosity strongly influences the performance of jetting and spreading /Lee03, 
Mag09/. In case of high viscosity the energy required for drop ejection is high and satellite 
droplets may occur due to ligament formation /Lee03/. On the other hand low viscosity 
reduces the damping of meniscus oscillations at the ink air interface of the nozzle, which 
limits high drop generation frequencies /Lee03/. The viscosity of an ink with low payload 
can be adjusted by mixing miscible additives to the solvent /Lee03/. The viscosity can be 
modified by using polyhydric alcohols such as: (a) ethylene glycol, (b) propylene glycol, 
(c) trimethylene glycol, (d) glycerine, (e) 1,3-butanediol, (f) 2,3-butanediol, (g) 1,4-
butanediol, (h) diethylene glycol, (i) 1,5-pentanediol, (j) hexylene glycol, (k) triethylene 
glycol, (l) dipropylene glycol, (m) 1,2,6-hexanetriol, (n) 2-propanol, and (o) alkyline oxide 
adducts of polyhydric alcohols /Lee03/. 
? Surfactants: The surface tension of the ink is a primary factor influencing drop 
ejection and spreading /Lee03, Mag09, Shi92/. It can be optimised by adding surfactants 
at low concentrations (0.1–1 wt.-%) to the ink or by using proper solvent co-solvent 
combinations /Lee03, Mag09/. The surfactants influence the wetting properties of the ink 
in the nozzle, on the nozzle plate, as well as on the print media /Kan91, Lee03/.  Improper 
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wetting of the nozzle interior may cause difficulties in drop formation, in purging the air 
bubbles from the nozzles, and may lower the printing frequency due to prolonged refill 
time /Lee03/. If the ink wets the orifice plate, the ink may leak through the orifice and form 
a convex meniscus, which may disturb or hinder drop ejection /Lee03/. A low surface 
tension would increase the wetting on the print media and result in a large dot size, which 
in turn would assist the drying of the deposited drops /Kan91/. Surfactants are usually 
commercial products with low surface tension and they are miscible in the carrier medium 
/Lee03, Mag09/. Some surfactants interact with the particles in the ink and act as a 
dispersant, which can improve the dispersion stability /Lee03/.   
? Dispersants: They stabilise the dispersion of solid particles (e.g. pigment 
particles) in the liquid medium by hindering the agglomeration and sedimentation of the 
suspended particles /Lee03, Sal06/. The attractive and repulsive forces between 
interacting solid particles dispersed in a polar liquid medium can be explained by the 
DLVO theory (Fig.3.12), which was developed independently by Derjaguin and Landau in 
Russia (1941) and Verwey and Overbeek in the Netherlands (1948) /Cos05, Ros04/. 
According to this theory the total attractive force between two particles is the resultant of 
the van der Waals forces and the electrical double layer forces /Cos05/. An electrical 
double layer is formed due to the interaction between the electrically charged particle 
surfaces and the counter ions in the polar medium /Cos05, Ros04, Sal06/. The inner layer 
on the particle surface is called as the Stern layer and it is a rigid layer of counter ions, 
which are attached to the particle surface /Cos05, Ros04/. The outer layer is called as the 
diffuse layer and it contains loosely attracted positively and negatively charged ions, which 
balance the charge equilibrium between the stern layer and the polar medium /Cos05, 
Ros04/. The solid particles are also subjected to attractive van der Waals forces, which 
would cause an agglomeration of particles when the inter particular distance is lower than 
a certain limit /Mag09, Ros04/. If the particle size increases due to agglomeration, the 
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sedimentation rate also increases according to Stokes’ law and the ink cannot be 
considered as stable anymore /Car07, Kin02, Lee03/. Besides particles of large size can 
cause clogging of the nozzle orifices as well /Der03, Lej09/. Therefore it is of crucial 
importance to maintain the inter-particular distance above a certain limit. The total energy 
curve according to the DLVO theory is depicted in Fig.3.12. The presence of strong 
repulsive forces increases the total energy of the system and the total energy curve 
reveals a global maximum, which serves as an energetical barrier that hinders the system 
to reach the thermodynamical stability /Cos05, Mag09, Ros04/. The above mentioned 
certain limit of inter particular distance is the energetical barrier of maximum energy. The 
system is considered to be thermodynamically stable if the system is at the minimum 
energy level, which would be the case when the inter particular distance approaches zero. 
A zero inter particular distance means irreversible coagulation of the particles and a phase 
 
Fig. 3.12. Total interaction energy curves of a colloidal system according to the DLVO 
theory /Cos05, Mag09, Ros04, Sal06/.  
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separation /Cos05, Mye06/. If the energetical barrier is higher than 20?k?T (k and T being 
the Boltzmann constant and absolute temperature), which is equal to 20 times of the total 
thermal energy of the particles, the system can be considered to be kinetically stable and 
the system tends to reach the secondary minimum /Cos05, Mag09/. At the secondary 
minimum, which is not present in all systems, a weak and reversible flocculation of the 
particles can be observed /Cos05, Mye06/.  
The repulsive forces between particles can be increased by adding dispersants to 
the system. The dispersants provide electrostatic, steric, or electrosteric stabilisation of 
the particle suspensions /Cos05, Ros04, Sal06, Tad08/. The mechanism of the 
electrostatic stabilisation can be explained by the DLVO theory. Various electrolytes can 
be used to stabilise particles with a surface charge electrostatically in polar media 
/Cos05/. Steric stabilisation is obtained by attaching macromolecules on the particle 
surface /Ros04/. These molecules stretch out chain like structures into the medium and 
these structures provide a mechanical separation of particles /Ber10a, Rah03, Ros04/. 
Moreover repulsive osmotic forces separate the particles from each other, when the inter-
particular distance decreases and the dispersant sheaths of separate particles overlap 
and result in a local increase in dispersant concentration /Ber10a/. Electrosteric 
stabilisation combines the effects of an electrical double layer and macromolecules 
attached on the particles /Lyk05, Rah03, Tad08/. Typically polyelectrolytes or ionisable 
polymers, which attach to the particle surface and form charged polymer chains extended 
into the medium, are used for electrosteric stabilisation /Ber10a, Rah03/. Some typical 
examples are: sodium polyacrylate, poly(alkylene glycols), poly(methyl methacrylate), 
poly(propylene oxide), poly(acrylic acid), poly(methacrylic acid, block copolymers, graft 
copolymers, as well as numerous commercial products /Lee03, Mag09, Rah03, Tad08/.  
The dispersants can also be classified as inorganic (e.g. polysilicates, 
polyphosphates, sodium hydroxide, and sodium carbonate) and organic (e.g. 
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polycarbonates, polyacrylates, polmethacrylates, oxalates, citrates, alkanolamines 
(amino-alcohols), tartrates, phosphonates, cellulose-derivates, lignosulfonates, styrol-
maleic acid copolymerisates) dispersants /Sal06/. Some dispersants affect the viscosity 
and surface tension of the ink and may function as dye solubilisers /Lee03/. 
? Preservatives (also anti-fungal agents or biocides): In particular aqueous inks 
may deteriorate due to possible growth of bacteria, fungus, and other microorganisms. In 
order to avoid the growth of such organisms preservatives are typically used /Hun94, 
Lee03, Le98, Kan91/. Some common preservatives are: sodium dehydroacetate, sodium 
benzoate, sodium pyridinethione-1-oxide, 1,2-benzisothiazolin-3-one, and sorbate salts, 
as well as numerous commercial products /Lee03/. 
? Chelating agents: They bind to the metal ions and suppress a possible nozzle 
clogging due to the formation and deposition of metal salts during evaporation at the 
nozzle orifices /Kan91, Le98, Lee03/. It is important to bind the Ca ions, because they 
may form CaCO3 deposits by reacting with the absorbed atmospheric CO2 /Lee03/. Some 
examples are ethylenediaminetetracetic acid (EDTA), Na/diammonium/tetrammonium 
salts of ethylenediaminetetracetic acid, and sodium gluconate /Lee03/. 
? pH-controllers (buffer solution): They stabilise the pH of the ink /Le98, Lee03, 
Kan91/. The surface charge of the particles and thus the dispersion stability depend on 
the pH of the ink /Lee03, Mag09/. Therefore the pH of the ink should not deviate from the 
optimum level. A non-optimum pH level may also damage the printer components or the 
ink itself especially when the payload contains living organisms or organic molecules 
/Kan91, Lee03/. Furthermore a pH shift may increase the solubility of the atmospheric 
CO2 in aqueous inks and may result in nozzle clogging due to formation of CaCO3 
deposits /Lee03/. Some typical pH-controllers are sodium carbonate, aqueous sodium 
  
49 
  
hydroxide solution, aqueous ammonia solution, lithium hydroxide, phosphate salts, 
diethanolamine, and triethanolamine /Lee03/. 
? Defoamers: They destroy the thin walls of the foam structure either by reducing 
the surface tension locally (e.g. amyl alcohol) in order to thin the foam structure at this 
position to collapse the foam or by promoting an ink drainage from the foam walls (e.g. 
tributyl-phosphate) /Lee03, Mag09/. Foaming is particularly a problem in case of CIJ 
printers with ink recycling or circulation systems due to the surfactant content of the inks 
/Kan91, Lee03, Mag09/. The use of defoamers is generally not recommended for DOD 
type of printers /Kan91, Mag09/.  
? Anti-kogation agents (sequestering agents): They are typical components of 
TIJ inks /Lee03, Mag09/. As mentioned in section 3.2.2.2, kogation is the formation of 
solid deposits on the resistors elements of the TIJ printers. These deposits reduce the 
efficiency of the heat transfer and thus decrease the drop volume and velocity /Lee03, 
Mag09/. The working principle of anti-kogation agents is based either on a passivation or 
a soft etch process of the resistor surface /Mag09/. Some typical examples are 2 methyl 
1,3 propandiol, several phosphates polyphosphates, phosphate esters, sodium methane 
sulfonate, sodium 4-toluenesulfonate, and sodium propene-1-sulfonate /Lee03/. 
? Bubble nucleation promoter: Also they are specific components of TIJ inks and 
are used for stabilising the evaporation temperature of the ink /Lee03/. Some examples 
are polyethylene oxide, alkoxypolyalkyleneoxyalkanol, and polyorganosiloxane /Lee03/. 
Further strategies are using either an emulsion containing a small amount of a volatile 
component with lower vapour pressure than the main solvent or modified pigment 
particles of specific size as bubble nucleation sites /Lee03/. 
Most of the above mentioned ink components are also included in the TIJ inks. 
Table 3.4 shows the composition and components of the HP45 black ink according to the 
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data sheet. This formulation contains several functional components mentioned above 
and also some distinctive additives, which are defined as trade secret organic materials.  
Table 3.4. Composition of the HP45 ink according to the data sheet.  
Component Function Concentration / % 
H2O Solvent, carrier medium > 72 
Carbon black Provides color (pigment) < 5 
2-pyrrolidone Co-solvent, surfactant  < 10 
Isopropyl alcohol Co-solvent, surfactant < 3 
Trade secret organic materials Biocide, buffer...  < 10 
 
3.3.4.3. Ink manufacturing and shelf life considerations 
Ink manufacturing is not a simple mixing process of several components especially 
when the ink must fulfil strict shelf life requirements. A typical shelf life requirement for 
pigmented inks is about 6 months /All06/ and up to 30 months for dye based inks /Ask88, 
Bak88, Bea94/. The inks are usually subjected to accelerated tests in order to determine 
the shelf life capability /Ask88, Mag09/. For practical reasons such tests are performed 
under extreme conditions like low or high temperature or freeze thaw cycles and the 
results are correlated to obtain realistic shelf life values /Mag09/.  
 The ink manufacturing process can be described as follows. First of all the payload 
is prepared /Kip01, Lee03/. If the payload consists of solid particles the particle size must 
be reduced until the size requirements are achieved /Lee03/. Large particles have high 
sedimentation rates and furthermore they can disturb the fluid flow in the jetting aperture 
or even cause clogging /Car07, Lee03/. The optimum particle size can be obtained by 
either using methods of colloidal chemistry or by jet milling or wet milling of large particles 
/Lee03, Tad08/. Subsequently the fine particles are completely wetted by the solvents and 
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dispersants and dispersed in the carrier medium /Kip01, Lee03/. The dispersion can be 
realised by techniques like bead milling, roller units, ultrasonic exciting, or rotary 
homogenisation /Lee03, Kip01/. After stabilising the particle dispersion, remaining 
components are added and the suspension is further homogenised /Kip01/. In the final 
step a settling or filtering process is applied in order to remove oversized particles from 
the ink /Lee03/. During and after the manufacturing steps of HP inks, the solvent 
composition as well as the dye purity and absolute concentration are tested by gas 
chromatography and UV/Vis spectrophotometry /Bus88/. Furthermore the viscosity, 
surface tension, conductivity, pH, and specific ion concentrations of the inks are monitored 
/Bus88/. 
3.4. Fluid dynamical analysis of the drop ejection 
As described in section 3.3.3.1, the driving pressure wave for TIJ drop ejection is 
generated by explosive evaporation of the ink in the nozzle chamber /All09, Wie99/. The 
reproducibility of the pressure wave, which accelerates an exact amount of ink to an exact 
velocity, is provided by homogeneous bubble nucleation that results in an explosive 
vaporisation /All85, Ave99/. Homogeneous nucleation occurs when an ink film is suddenly 
heated above TSL (homogenous nucleation temperature), which depends on the ink 
composition /Jen85, Shi89/. On the other hand the maximum temperature of the resistor is 
a printer specific setting, which depends on the power applied to the resistor /Ric97/. 
Therefore the ink and the drop ejection system must be completely compatible with each 
other. This can be fulfilled either by developing an ink for an already existing drop 
generator with a given resistor performance and nozzle geometry or by designing the drop 
generator for a specific ink /Shi92, Lin07/. In addition the maximum particle size of the 
payload as well as the dispersion stability are prerequisites of stable drop ejection /Der03, 
Lee03, Lej09, Tad08/. Furthermore the physical ink properties such as viscosity, wetting 
  
52 
  
behaviour, density, and surface tension are also important factors influencing the drop 
characteristics /Asa92, Ask88, Boh94a, Koh08, Lin07/.  
In order to eject a drop at a nozzle, the total pressure generated (pT) must 
overcome the sum of the ambient pressure (pA), steady and unsteady inertial forces, 
viscous resistance, and capillary forces /Fil83, Myt04, Wij08/. The total pressure to eject a 
drop can be calculated by: 
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where ? is the ink density, u the drop velocity, Ln the nozzle length (~ 60 µm), ? the ink 
viscosity, An the nozzle area, ? the surface tension, rn the nozzle radius (~ 30 µm), and ? 
the wetting angle, respectively.  At a sharp nozzle exit, the value of cos(?) is equal to 1 
/Wij08/. 
 Although the generation of a reproducible pressure wave is essential for jetting 
drops with identical volume and velocity, the ejection of the ink through the orifice does 
not ensure the formation of uniformly shaped single drops. The fluid dynamics of drop 
ejection can be explained by a set of differential equations including the continuity (mass 
conservation), energy conservation, and Navier-Stokes equations as well as the Young-
Laplace equation for incompressible fluids with free surfaces /All85, Fro84, Lin08, Wij08/. 
Besides these equations, characteristic dimensionless numbers can be used as a simple 
and qualitative method to describe the drop formation /Ber10b, Lin08/. The dimensionless 
numbers express the relative importance of various physical ink properties as well as the 
acting forces, energies, time scales, and geometrical dimensions compared to each other 
/Ber10b, Lin08/. Using dimensionless numbers individual situations can be transformed 
into a generic case and a physical phenomenon in these situations can be compared by a 
simple number /Ber10b, Lin08/. The dimensionless numbers relevant to drop formation of 
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Newtonian fluids are the Reynolds (Re), Weber (We), Capillary (Ca), and Ohnesorge 
numbers (Oh) /Bru11, Fro84, Lin08, Der11, Rei00/.  
The Reynolds number describes the relation between the inertial (dynamic 
pressure) and viscous forces acting on the drop /Ber10b, Lin08, Squ05/. It is given by 
Ca
We
?
au?
forcesviscous
forcesinertialeR ????~       (3.2) 
where a is defined as a characteristic length. In previous studies, the characteristic length 
was assumed to be either the nozzle radius /Ain02a, Der03, Fen02, Fro84, Jan09, Nog05, 
Rei00, See01b, Tai08, Wij08, Xu07, Zha01, Zha03/ or the diameter of the nozzle /Lin08, 
Rei05a, Wan05a/ or the droplet /Lee03, Moh05, See01a/. In case of Re < 2000, the 
viscous forces dominate and the flow is laminar whereas if Re > 2000 inertial forces 
dominate and the flow is turbulent /Ber10b, Lin08/. The micro fluidic applications including 
inkjet printing usually operate in the laminar flow regime /Ber10b, Lin08/. A previous 
numerical study claimed that Re can be used as an indicator to estimate the integrity of 
ejected drops and suggested that setting Re < 5 would eliminate the satellite droplets 
/Fen02/.  
The Weber number is the relation between the inertial and surface tension forces 
/Ber10b, Lin08/. It is given by 
CaeR
?
au?
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forcesinertialWe ?????
2
~      (3.3) 
A high We indicates that the kinetic energy is dominant and therefore the drops are 
ejected with a high velocity /Lin08/. If We is low the surface energy dominates and a large 
fraction of the total energy must be converted into surface tension energy in order to form 
a drop. Therefore a low We indicates that the total energy may not be sufficient for proper 
drop ejection and in extreme cases the ejection is not possible at all /Lin08/. A numerical 
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study claimed that a minimum We > 9 must be supplied in order to eject drops with 
positive velocities, which means below this limit the drops would have no initial velocity 
/Xu07/. Several studies claimed that We also describes the splashing tendency of a drop 
upon impact with the substrate and splashing would occur in case of We > 50 /Cla02, 
Lin08, Ren08/.  
The surface tension of the ink is not included in Re, which means two comparable 
inks with different surface tension values cannot be distinguished using Re /Lin08/. 
Similarly We is independent of ink viscosity and therefore the direct influence of the 
viscosity on the drop characteristics cannot be realised using We /Lin08/. On the other 
hand, the Capillary number is the ratio of We to Re and therefore it includes both the 
viscosity and surface tension terms. It is given by 
eR
We
?
u?
forcestensionsurface
forcesviscousCa ???~       (3.4) 
A pioneer numerical study claimed that the drops would have a positive velocity for 
a Ca-1 > 2 /Fro84/. Below this limit the ejection would be weak and the drop volume would 
be small due to high viscous forces /Fro84/. As the Ca-1 value increases the drop velocity 
increases and the tail of the drop gets longer /Fro84/. An elongated drop may disintegrate 
to form satellite droplets, which means high Ca-1 values may risk the drop integrity /Fro84/. 
 A numerical study using the inverse of the Ohnesorge number instead of Ca-1 
refined this approach by restructuring the limit of Ca-1 > 2 into 10 > Oh-1 > 1 /Der11, 
Rei00/. Similar to Ca also Oh describes the relation between viscous and surface tension 
forces and it can be written in terms of Re and We /Ber10b, Lin08/. The Oh does not 
include a velocity term and thus is independent of the drop velocity /Lin08/ and is given by  
? ?
? ?
eR
We
a??
?
forcestensionsurface
forcesviscousOh
2/1
2/1~ ???
?     (3.5) 
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Currently the range between 10 > Oh-1 > 1 is widely accepted as the range of drop 
formation in inkjet printing /Der10, Der11/. Similar to the Ca-1 > 2, below the lower Oh-1 
limit the high viscous forces hinder drop formation and beyond the upper limit satellite 
drops are formed /Der11, Rei00, Rei05a/. The relation between Oh-1 and the drop volume 
is similar like Ca-1, which means that the drop volume increases with increasing Oh-1 
/Rei05a/. The validity of a printability range defined according to the Oh was confirmed by 
experimental studies /Jan09, Tai08/. However these studies suggested different 
printability ranges for the specific printer ink systems used. The printability range of low 
viscosity inks (? < 35 mPas) was determined as 14 > Oh-1 > 4 /Jan09/, while the range 
was 1.5 > Oh > 0.02, which can be rewritten as 50 > Oh-1 > 0.67, in case of high viscosity 
inks (? > 50 mPas) /Tai08/.  
3.5. Literature review of inkjet printing of ceramic materials 
 In the field of traditional ceramics, inkjet printing is already being commercially 
implemented for decorating tiles using ceramic inks. The inks contain either particles or 
organometallic compounds, which replace the conventional glazes on the tiles. Examples 
of commercial printing equipments are Kerajet (Ferro Corp.), Gamma (Durst Phototechnik 
AG), DWD (Sacmi Group), Cretaprinter (Cretaprint), Rotodigit (System Ceramics), 
Maverick (Jettable Ltd.), Jet Digital Printer (T.S.C. SpA), Colorjet (TecnoExamina SpA), 
and Keralab (SMAC SpA). 
 In the field of engineering ceramics, no commercial printing systems have been 
developed. However there has been considerable amount of research on inkjet printing of 
functional and structural ceramics. Probably the main driving force behind using inkjet 
system to pattern ceramics is the availability of already developed printing systems and 
the simplicity of substituting the original ink with a ceramic suspension. It was in the 1990s 
when the pioneer studies started with the first inkjet printing experiments using low 
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viscosity ceramic inks with considerably low solid contents /Atk97, Bla95, Bla99, Kim98, 
Mot99a, Mot99b, Sla98, Son99, Ten97, Ten98, Win99, Wri99, Xia97/. Since then there 
has been a steady development in inkjet printing of engineering ceramics. The research in 
this field can be categorised in two groups according to the two or three-dimensional 
structure of the printed patterns. 
3.5.1. Inkjet printing of two-dimensional ceramic patterns 
 Two-dimensional patterning of ceramics using inkjet printing is simply the 
utilisation of the graphic imaging competence of the already existing printing systems by 
replacing the ink with suspensions containing particles or precursors. This section covers 
a literature review of the studies investigating the printability of ceramic inks, the 
interaction between the deposited drops and the substrate, and the inkjet fabrication of 
two-dimensional ceramic patterns. The printed structures consisting of a single printed 
layer or a few layers are considered to be two-dimensional.  
 Generally two-dimensional patterning was implemented for functional ceramics, 
particularly to fabricate sensors and SOFCs (solid oxide fuel cell). A list of the related 
studies including basic information on the ceramic inks and printing systems is given 
according to the date of publication: 
? A solvent based 5 vol.-% ZrO2 ink was developed and CIJ (Biodot, nozzle diameter 
= 65 µm) printed. The patterns revealed ~98% of the theoretical density after sintering 
/Ten97, Ten98/. 
? An aqueous 2.5 vol.-% TiO2 ink was TIJ (HP DeskJet 500) printed. Single drops 
were deposited on a substrate and were characterised by scanning electron microscopy 
(SEM) /Kim98/. 
? PZT patterns of consisting of 20 layers were PIJ (Epson Stylus 500c, nozzle 
diameter = 75 µm) printed using an aqueous 2.2 vol.-% ink. The dimensions especially the 
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height of the printed structures was limited by the low drying rate of the deposited layers 
of the low solid content aqueous ink /Win99/.  
? PIJ printability (Sanders Prototype ModelMaker 6 Pro) of two solid inks with 30 
vol.-% and 40 vol.-% submicron Al2O3 particles was experimentally investigated and 
numerically verified with CFD (computational fluid dynamics) calculations /Rei00/. 
? The spreading of CIJ (Linx 6200S) printed dots of a solvent based 2.5 vol.-% ZrO2 
ink on several types of substrates was investigated /Tay01a, Tay01b/. The dot size varied 
between 100-390 µm depending on the substrate /Tay01a, Tay01b, Tay02/. The 
development of the ink was also reported /Tay00/.  
? An ink containing submicron sized ZrO2 particles was CIJ (nozzle diameter = 
50 µm) injected into a plasma flame in order to fabricate ceramic coatings /Bla00b/. In a 
following study a 5 vol.-% ZrO2 ink with bimodal particle distribution was used for the 
same purpose /Bla01/. 
? Thin films of 1.4 µm thickness were CIJ printed using an ink containing nano sized 
MnO2 particles. It was reported that the inkjet printing method has advantages such as 
convenience, easy duplication, and low fabrication costs /Xu03/. 
? Ba-Ti, Sr-Ti, and Ba-Sr-Ti sols were prepared for PIJ (Epson C20) printing of thin 
films. The printability of the inks was optimised by adjusting the concentration of ethylene 
glycol and acetic acid /Din03a/. 
? BaTiO3 films were fabricated by inkjet printing of an 8 vol.-% colloidal ink /Din03b/. 
? An electromagnetic printing station (nozzle diameter = 75 µm) with three separate 
reservoirs and a mixing chamber behind the nozzle was developed for SFF of functionally 
graded ceramics with three-dimensional variation in composition /Fea06, Moh03, Pul07a, 
Pul07b, Ros06, Wan05b, Wan05c, Wan05d, Wan06/. Ternary FGM systems of Al2O3-
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TiO2-ZrO2 /Wan05b/, BaxSr1-xTiO3 /Pul07a, Pul07b/, Al2O3-TiO2-ZrO2 /Wan05c/, and 
La0.8Sr0.2CoO??? /Fea06, Ros06/ as well as an Al2O3-ZrO2 system /Wan06/ were realised 
using aqueous inks. Solvent based inks were used to produce 3 mm x 3 mm x 70 µm 
Al2O3-TiO2-Y2O3 components /Moh03/. In addition, BaTiO3 structures with a height of 
360 µm were printed using an aqueous ink /Wan05c/.  
? The printability requirements (nozzle diameter = 30 µm) of a solvent based and 
solid PZT ink each with 20 vol.-% solid content were investigated. No printed patterns 
were reported /Lee04/.   
? PIJ (Sanders Design, nozzle diameter = 75 µm) printability of solid inks with 20, 
30, and 40 vol.-% submicron Al2O3 particles was investigated /Rei05a/. 
? ZnO inks were inkjet printed using a commercial printer. After drying and heat 
treatment continuous ZnO films were formed /She05/. 
? An ink containing CeO2 precursors was inkjet printed onto a heated substrate in 
order to fabricate a crack free crystalline CeO2 film (thickness of several hundred nm and 
pattern width of 150 µm) without any further treatment /Gal08/. Similarly an ink containing 
TiO2 precursors was prepared and thin films were fabricated by inkjet printing on a heated 
substrate /Mat06/. 
? Inkjet printing was used to fabricate SnO2 thin film electrodes with a thickness of 
~2.3 µm. The ink containing SnO2 nano particles was stabilised by wet milling. The study 
showed that inkjet printing is a feasible, convenient, and inexpensive method to prepare 
thin film electrodes for lithium ion batteries /Zha06/. 
? An ink containing SiO2 precursors was inkjet printed to deposit mesoporous SiO2 
microdot arrays. An array with a dot diameter of 155 µm and dot spacing of 250 µm was 
printed /Mou06, Mou07, Fou10/. 
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? Functionally graded thick films of BaTiO3-Ni were fabricated by PIJ printing using 
solvent based nano particulate inks. The line width of the printed patterns was 200 µm 
and the film thickness was >20 µm /Tse06/. 
? BaTiO3 thin films were fabricated by inkjet printing of aqueous solutions of a TiO2 
sol and Ba salts /Kea07/. 
? Thin film LiCoO2 electrodes of 1.2 µm thickness were fabricated by inkjet printing. 
The powder was synthesised using a sol gel method and dispersed using a commercially 
available surfactant /Hua08/. 
? The YSZ (yttria stabilised zirconia) electrolyte layer and the anode interlayer of an 
SOFC were fabricated by inkjet printing. The electrolyte was dense and had a thickness of 
6-12 µm and the anode was porous. The study showed that the inkjet printing method can 
be used to fabricate SOFC structures /You08/. 
? Inkjet printing was used to fabricate a dense gadolinium doped ceria (GDC) thin 
film electrolyte for a novel honeycomb type SOFC /El08/. 
? A NiO-YSZ anode interlayer, a YSZ electrolyte layer, a LSM-YSZ (lanthanum 
strontium manganate) cathode interlayer, and an LSM cathode current collection layer 
were fabricated by inkjet printing. The electrolyte was dense and had a thickness of 10-
12 µm after sintering. The all inkjet printed SOFC showed a comparably weak 
performance /Suk09/. 
? An ink containing zinc acetate precursors was inkjet printed and deposited on a 
substrate to form ZnO nano crystallites /Kit09/. 
? The inkjet printability of an aqueous ink with 4.3 vol.-% spherical core shell type 
cerium oxide and polymer hybrid nano particles was demonstrated /Izu09/. 
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? Nano structured TiO2 thin films were inkjet printed using an ink containing nano 
particles. The printing method allowed controlling the thickness and the uniformity of the 
thin films /Yan10/. 
? Particle based LSCF-GDC (lanthanum strontium cobalt ferrite) inks were inkjet 
printed for fabricating SOFC cathodes /Yas10/. 
? An electromagnetic inkjet printing system was used to fabricate dense YSZ 
electrolyte layers for SOFCs. The layer had a dense microstructure without open porosity 
and the thickness of the layer was ~6 µm /Tom10/. 
? Inkjet printing was used to fabricate a TiO2 photo detector. The study suggested 
that the inkjet printing method is ideal for cost efficient mass production, because it is a 
non-contact, additive, no mask and no vacuum patterning method /Ber10c/. 
? A precursor solution containing Ba and Ti alkoxides was inkjet printed. The 
resulting BaTiO3 thin film was crack free after annealing /Wag10/.  
? Inkjet printing of an ink containing nano crystalline indium tin oxide (ITO) particles 
was applied as a cost efficient alternative to sputter grown ITO electrodes, which are 
implemented in organic solar cells. The inkjet printing method provided a successful 
production of transparent ITO electrodes by using the ITO material more efficiently and 
eliminating typical photolithographic processes /Hwa11, Jeo10a, Jeo10b, Jeo11a/.  
? An electromagnetic printing system (Domino Macrojet, nozzle diameter = 90 µm) 
was used to print an aqueous ink with Ti-alkoxide precursors. 2 x 2 cm2 large TiO2 thin 
films with a thickness of < 1 µm were produced /Ari11/. 
? Inks containing metal salt precursors were inkjet printed to fabricate thin film 
transistors made of Ga2O3-In2O3-ZnO and In2O3-SnO /Olz11/. 
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? Microcapsules containing dispersed submicron TiO2 particles were fabricated by 
inkjet printing. The relation between the drop size (45-105 µm) and viscosity, which 
depends on the particle concentration, was investigated /Doh11/. 
? A BaTiO3 and resin hybrid composite film was formed by inkjet printing in order to 
fabricate a metal-insulator-metal (Ag-BaTiO3 resin-Ag) capacitor /Lim11a, Lim11b/. 
? The spreading behaviour of Al2O3 ink droplets on a solid surface was optimised by 
adding a drying agent to the main solvent. Uniform Al2O3 films were printed /Oh11/. 
? In2O3-ZnO structures for electronic applications were PIJ printed using a solvent 
based ink containing In-Zn precursors /Tel11/. 
? The coffee stain effect observed during drying of drops of particulate inks was 
investigated by analyzing the structure of PIJ (Microfab MJ-ATP-01, nozzle diameter 
= 60 µm) printed aqueous 10 vol.-% ZrO2 inks /Dou11/. 
? The spreading behaviour of PIJ (Dimatix DMC-11610, nozzle diameter = 21 µm) 
printed single drops of aqueous 2.3 vol.-% and 4.6 vol.-% Al2O3 inks was investigated 
both experimentally and numerically /Sch11/.  
3.5.2. Inkjet printing of three-dimensional ceramic patterns 
 Research on the DIP technique for fabricating three-dimensional ceramic patterns 
has started in the 1990s and several studies from the 1990s demonstrated the feasibility 
of DIP by printing low viscosity ceramic inks using commercial desktop printers or 
industrial CIJ printing systems /Bla95, Xia97, Sla98, Mot99a, Mot99b, Wri99, Son99, 
Bla99, Bla00a, Bla03, Bha01, Mot01/. Because of the low viscosity requirements of the 
printing systems of the 1990s, only inks with a low solid content were developed and 
printed. Although millimetre sized three-dimensional objects were fabricated in the 
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mentioned pioneer studies, an acceptable shape accuracy of the printed structures could 
not be achieved because of the low drying rates of the low solid content inks.  
In order to overcome the drying problems two separate approaches were 
developed at the beginning of the 2000s. One approach was to disperse the ceramic 
particles in a solid ink, which does not dry but rapidly solidify /See01a, See01b, Ain02a, 
Ain02b, Der03, Smi04, Rei05b, Wan05a/. However, during multi-layer printing of the solid 
inks, the surface of the printed layer must be flattened before the deposition of the next 
layer to ensure the shape accuracy. In addition the printed structures have a low green 
density and high wax content, which makes a complicated wax removal process 
necessary prior to sintering. Despite the complex wax removal process a high density 
could not be achieved in most cases due to the low green density. 
The other approach was to assist the drying of the deposited layers to evaporate 
the solvent /Son04, Zha01, Zha02a, Zha02b, Zha03, Nog05, Lej06, Mou07, Lej09/. 
Solvent based inks with maximum 15 vol.-% solid content were used to fabricate 
micrometre to millimetre sized patterns such as pillars /Zha02b, Nog05, Lej06, Mou07, 
Lej09/ or micro walls /Zha02a/, which have a relative large surface volume ratio and thus 
can be easily dried. Despite the enhanced drying of the printed patterns, an acceptable 
accuracy could not be achieved for comparably large sized patterns /Zha02a/. 
Nevertheless the patterns revealed densities close to the theoretical density after sintering 
/Zha01/. 
Related studies including basic information on the printed patterns, ceramic inks, 
and printing systems are listed below according to the date of publication: 
? Millimetre sized ZrO2 patterns were fabricated by CIJ (Biodot Microdoser, nozzle 
diameter = 50/75 µm) printing of a solvent based 5.3 vol.-% ZrO2 ink. Due to the low solid 
content drying problems of the printed structures were observed /Bla95/. 
  
63 
  
? TiO2 structures with a height of 340 µm were PIJ printed (IBM 3852/2 Colorjet, 
nozzle diameter = 65 µm) using a solvent based 5.3 vol.-% ink. A full density was 
achieved after sintering /Xia97/. 
? Totally 1440 layers (2-3 mm) were TIJ (HP DeskJet 500, Nozzle diameter = 
50 µm) printed using an aqueous 10 vol.-% 3Y-ZrO2 ink. The edges of the pattern were 
rounded during drying due to the low drying rate. After sintering a full density was 
achieved /Sla98/. 
? FGM (Al2O3/ZrO2) structures of ~375 µm height were PIJ (IBM 3852/2 Colorjet, 
nozzle diameter = 65 µm) printed using solvent based 2.5 vol.-% inks /Mot99b/. A 
following study used the same printing equipment to fabricate millimetre sized ZrO2 
components with cavities and overhangs. Two solvent based inks with 2.5 vol.-% ZrO2 
and 2.5 vol.-% carbon were prepared. The carbon and ZrO2 inks were printed 
simultaneously and the carbon ink formed a supportive structure, which resulted in a 
cavity after the heat treatment /Mot99a/.  
? An electromagnetic printing station (nozzle diameter = 100 µm) was used to print 
and investigate single drops using a solvent based 15 vol.-% 3Y-ZrO2 ink. In addition an 
image showing both surface and fracture face of a sintered three-dimensional pattern 
shows that the pattern has a uniform microstructure /Wri99/. 
? 2.5 mm thick bars and smaller sized ZrO2 objects were fabricated by CIJ (Biodot, 
nozzle diameter = 60 µm) printing of a solvent based 4.4 vol.-% ink /Son99/. 
? TiO2 structures with a height of ~1 mm were CIJ (Biodot Microdoser, nozzle 
diameter = 60 µm) printed using a solvent based 4 vol.-% ink /Bla99, Bla00a, Bla03/. 
? PZT pillars with a height of 1.3 mm were PIJ (IBM 3852/2 Colorjet, nozzle diameter 
= 65 µm) printed using a solvent based 2.5 vol.-% ink. A 60 W lamp was integrated to dry 
the printed layers by heating the substrate to 50 °C. The pillars were distorted during 
sintering /Bha01/. 
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? Solvent based inks of 30 vol.-% polycarbosilane precursors or 10 vol.-% SiC 
particles were PIJ (IBM 3852/2 Colorjet, nozzle diameter = 65 µm) printed and a base with 
pillars of 230 µm height was produced. The patterns printed using the precursor ink were 
distorted during sintering and revealed pores and cracks. The patterns printed using the 
SiC ink were not distorted during sintering and no cracks and layering defects were 
observed /Mot01/. 
? Millimetre sized Al2O3 structures were fabricated by PIJ (Sanders Design 
ModelMaker6 Pro) printing using 30 and 40 vol.-% solid inks /See01a, See01b/. 
? Millimetre sized patterns of 800 layers were fabricated by PIJ (Xaar XJ500, nozzle 
diameter = 50 µm) printing of a solvent based 14 vol.-% ZrO2 ink. Problems about the 
droplet deposition accuracy and drying of the layers were reported. After sintering 96% of 
the theoretical density was achieved /Zha01/. In subsequent studies, ZrO2 patterns with 
vertical walls of ~340 µm thickness and 3 mm height /Zha02a/ as well as pillars of 2 mm 
height on a rectangular base of ~0.7 mm height /Zha02b/ were fabricated using the same 
ink and printing system. In both cases, a hot air fan was integrated at the printing system 
to assist the drying of the deposited layers. The shapes of the patterns were not uniform 
due to drying and spreading problems /Zha02a/. The same equipment was used to 
investigate the influence of viscosity and surface tension on the printability by using a 
solvent based Y-ZrO2 ink. A further modification of the printing system was the adaptation 
of a reservoir below the nozzles to avoid ink bleeding. Using this system a base and 
pillars of 3 mm height was fabricated /Zha03/. 
? An Al2O3 impeller of ~28 mm diameter and ~10 mm thickness was fabricated by 
PIJ (Sanders Prototype ModelMaker6 Pro, Solidscape Inc.) printing of a solid ink with 
40 vol.-% submicron particles. After sintering 80% of the theoretical density was achieved. 
The comparably low final density was explained by the porous structure achieved by 
printing a solid ink /Ain02a, Der03/. A following study showed that solid inks containing up 
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to 45 vol.-% Al2O3 particles are basically printable but a stable printing would be only 
possible in case of further hardware and software modifications /Ain02b/. A further study 
reproved the printability of a 45 vol.-% ink by choosing a medium of lower viscosity 
/Rei05b/.   
? Structures of < 500 µm were PIJ (IBM 3852/2 Colorjet, nozzle diameter = 65 µm) 
printed using solvent based 2-4 vol.-% PZT, Al2O3,  and ZrO2 inks. A hot air station was 
mounted on the printhead to assist the drying of the deposited layers. Process related 
defects of macroscopic (ink spray, satellite drops, and off-set of drop registration) and 
microscopic (voids) size were classified /Son04/. 
? Al2O3 cubic samples in millimetre scale were PIJ printed (Sanders Design 
RapidToolMaker) using 20 and 40 vol.-% solid inks in order to investigate the isotropy of 
the sinter shrinkage /Smi04/. 
? PZT pillars with a diameter of 90 µm and height of ~600 µm were PIJ printed using 
a solvent based 10 vol.-% ink /Nog05/. 
? A millimetre sized pyramid like PZT structure was fabricated by PIJ (ModelMaker6 
Pro and Sanders Design RapidToolMaker, nozzle diameter = 70 µm) printing using a 35 
vol.-% solid ink. An almost full density was achieved after sintering /Wan05a/. 
? Micro pillars were fabricated by PIJ (Ceraprinter L01, nozzle diameter = 52-60 µm) 
printing of 15 vol.-% PZT and 10 vol.-% TiO2 inks. PZT pillars with ~70 µm diameter and 
~1200 µm height as well as ~45 µm diameter and ~900 µm height were fabricated. Also 
TiO2 pillars with 50 µm diameter and several hundred µm were printed /Lej06, Mou07, 
Lej09/. 
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4. Experimental procedure and methodology 
 In the first section of this chapter the formulation and components of the prepared 
inks are given. Subsequently the details of ink preparation and characterisation are 
described. Then the printing system and procedure used for DIP of the inks are explained. 
The following section focuses on the ejection of the inks as well as the fabrication of 
ceramic components by DIP. The sintering step of the fabricated components is explained 
in the next section. The final section describes the mechanical characterisation of the DIP-
produced samples in terms of fracture strength using the four-point bending (4PB) as well 
as the ball-on-three-balls (B3B) tests.   
4.1. Design, formulation, and characterisation of the inks 
 This section explains the design and the components of all inks prepared. Then 
the ink preparation and the methods applied for ink characterisation are described in 
detail.  
4.1.1. Components of the inks 
 In this study, mainly two different types of inks according to the payload material 
were prepared. These were the ceramic inks containing submicron sized 3Y-TZP particles 
(TZ-3YS-E, Tosoh Inc., Japan) and the supportive ink containing carbon black particles 
(Arosperse® 15, Evonik Chemicals, Germany). The supportive ink was used for generating 
fugitive supportive structures on which the 3Y-TZP ink was deposited in order to fabricate 
ceramic objects with overhanging features. 
 The 3Y-TZP powder has a primary crystallite size of 36 nm and a mean particle 
size of 630 nm according to manufacturer’s datasheet. The specific surface area and the 
sintered density are given as 7 + 2 m2 g-1 and 6.05 g·cm-3, respectively. The 3Y-TZP 
powder was synthesised by doping zirconia with 5.15 + 0.20 wt.-% of Y2O3. Additionally 
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the powder contains 0.25 + 0.10 wt.-% of Al2O3. The HfO2 content is given as < 3.0 wt.-%. 
Further impurities are SiO2 (? 0.02 wt.-%), Fe2O3 (? 0.01 wt.-%), and Na2O (? 0.04 wt.-%). 
Fig.4.1 shows a transmission electron microscopic (TEM) image (Philips CM 30, The 
Netherlands) of the as received 3Y-TZP powder. 
 
Fig. 4.1. TEM image of the 3Y-TZP powder (as received).  
 The carbon black particles in the supportive ink are of thermal black type with an 
average primary particle size of 280 nm according to manufacturer’s datasheet. The 
specific surface area is given as 9 m2 g-1. A TEM image of the as received carbon black 
particles is shown in Fig.4.2.  
 
Fig. 4.2. TEM image of the carbon black powder (as received).  
 Both 3Y-TZP and carbon black particles were dispersed in aqueous medium using 
the commercial dispersants Dolapix CE64, Dolapix PC75, and Dolapix ET85 (all are 
  
69 
  
products of Zschimmer & Schwarz Inc., Germany). The ceramic inks were prepared using 
either Dolapix CE64 or Dolapix PC75. According to manufacturer’s datasheet Dolapix 
CE64 is an alkali free ~65 wt.-% aqueous solution of a carboxylic acid with a pH of ~7. 
Further analysis of Dolapix CE64 showed that it is an ethanolaminic salt of citric acid with 
an average molecular mass of 320 g mol-1 /Dak00, Sar08/. According to the datasheet 
Dolapix PC75 is an alkali free 25 wt.-% aqueous solution of a synthetic polyelectrolyte 
with a pH of ~8.5. Studies using Dolapix PC75 claimed that it is an ammonium salt of 
poly(acrylic acid) /Bis10, Jan98/. The carbon black particles were dispersed using Dolapix 
ET85, which is given as an alkali free ~65 wt.-% aqueous solution of a carboxylic acid 
ester with a pH of ~7 in the datasheet. 
 The inkjet inks contain several functional components as previously mentioned in 
section 3.3.4.3. A set of organic chemicals were used to prepare inks of different 
composition. The organic additives used were caprolactam, 1,6-hexanediol, ethylene 
glycol, 2-pyrrolidone, urea (all are products of Merck Chemicals, Germany), and 1,1,1-
tris(hydroxymethyl)propane (TMP) (Fluka Chemical Corp., Germany).    
4.1.2. Preparation of the inks 
 The ceramic particles were dispersed using attrition milling. Zirconia milling beads 
of 1 mm diameter were used. The milling discs and linings of the attrition mill were made 
of polyurethane. An aqueous feed with 40 vol.-% ceramic particles was filled in the mill 
and milled for 30 min at 1200 rpm. The feed contained 0.5 wt.-% (related to solids) of 
either Dolapix CE64 or Dolapix PC75.  
 Subsequently the suspensions with 40 vol.-% solid content were diluted by 
addition of further components. The components in liquid phase were directly added to the 
suspension, while aqueous solutions of the solid additives were prepared and added. 
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After dilution the inks were homogenised using a rotary dispersing tool (Ultra-Turrax T25 
Basic, IKA Works Inc., Germany).  
For DIP of three-dimensional ceramic components three ceramic inks were used 
with variation of their solid contents were used. The solid content of the ceramic inks was 
as ~22 vol.-%, ~24 vol.-%, and ~27 vol.-%, respectively. For the DIP of arrays of single 
droplets 12 different types of ceramic inks were used. These inks had ~24 vol.-% of solid 
content, 1 wt.-% (related to solids) of either Dolapix CE64 or Dolapix PC75, and 10 wt.-% 
of one of the six different additives mentioned in section 4.1.1.   
 The carbon black containing supportive ink was prepared with ball milling after all 
components were added. The ink contained ~13.5 vol.-% solid content and was milled for 
36 h using Al2O3 milling beads of 5 mm diameter prior to jetting.  
4.1.3. Zeta potential and dispersion stability 
The electrical charge on the surface of the particles suspended in polar media 
results in formation of an electrical double layer (a rigid Stern layer and a diffuse layer) 
around the particles and thus the suspension is electrostatically stabilised as explained in 
section 3.3.4.3. The amount of the surface charge as well as the extent of the stabilisation 
can be indicated by the zeta potential, which is the electrical potential at the shear plane 
between the particle and the polar medium under flow /Cos05/. The suspension can be 
considered to be electrostatically stabilised if the absolute value of the zeta potential is 
larger than 40 mV /Boc07/. 
The zeta potential measurements were performed according to the electrokinetic 
sonic amplitude (ESA) method and the Smoluchowski relationship was used to determine 
the zeta potential (Acoustosizer II s/m, Colloidal Dynamics Inc., USA). The measurements 
were conducted for pH levels between 2 and 11.5. The pH was changed in steps of 0.5. 
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The suspensions with 40 vol.-% solid content prepared by attrition milling were 
diluted to ~ 5 vol.-% of solid content to avoid clogging of the measuring system at the 
isoelectric point (IEP). The zeta potential of four different suspensions was measured. The 
suspensions were prepared using either 0.5 wt.-% or 1.4 wt.-% of the dispersants 
Dolapix CE64 or Dolapix PC75. 
4.1.4. Particle size distribution 
 The particle size distribution of the attrition milled ceramic inks and the original 
HP45 ink was determined according to the full Mie theory using the low angle laser light 
scattering method (Mastersizer 2000, Malvern Instruments, UK). 
4.1.5. Viscosity 
 A rotational rheometer (Viscolab LC 10, Physica, Germany) with a double gap 
concentric measuring system was used to determine the viscosity. The viscosity of all 
prepared inks was measured at a shear rate of 1000 s-1 and a heating/cooling circulator 
(F25, Julabo Inc., Germany) was used for performing the measurements at ~20 °C and 
~60 °C.  
 The viscosities of the suspensions with 40 vol.-% solid content, which were 
stabilised by using either Dolapix CE64 or Dolapix PC65, were also measured. The 
suspensions were diluted and the viscosities of suspensions with 10, 15, 20, 25, 30, 35, 
and 40 vol.-% solid content were measured at ~20 °C and a shear rate of 1000 s-1. These 
values were used to estimate the critical maximum volume fraction of the solid content, 
?max, of both groups of suspensions stabilised using either Dolapix CE64 or PC75. At 
?max, the viscosity is considered to approach infinity /Ber96, Rei05b, Wan05a/. The 
Krieger-Dougherty model (Eq. (4.1)) was fitted using the measured viscosity data in order 
to estimate the rheological behaviour and the ?max values of the suspensions stabilised by 
different dispersants. The Krieger-Dougherty model is given by 
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where ? is the suspension viscosity at a solid content of ? (vol.-%), ?0 is the viscosity of 
the dispersion medium, and [?] is the intrinsic viscosity. The intrinsic viscosity, [?], is 
defined as the dependence of the suspension viscosity to the concentration of the solid 
particles /Jeo11b, Smi79/. Also [?] in the model was fitted using the experimental viscosity 
data. Theoretically [?] is equal to 2.5 for suspensions of uncharged, rigid, and spherical 
particles /Dab86, Her06, Jeo11b/. Previously published studies claimed that [?] > 2.5 is 
more realistic for real cases /Jeo11b, Her06, San09/. Therefore a constraint of [?] > 2.5 
was set for fitting the experimental data to the model. A further constraint was 
0.8 > ?max > 0.4. 
4.1.6. Surface tension 
The surface tension of all inks was determined according to the bubble pressure 
method (proline t15, Sita Corp., Germany) for a bubble lifetime of 0.5 s at ~20 °C and 
~60 °C. The bubble pressure method uses the pressure of bubbles formed in a liquid to 
determine the surface tension. A capillary, which pumps an air stream, is immersed into 
the liquid. The pressure of the bubble is constantly measured and the maximum value is 
used to calculate the dynamic surface tension of the liquid. 
4.1.7. The true density of the powders  
The true densities of the 3Y-TZP and carbon black powders were determined 
using a multi-volume helium pycnometer (AccuPyc 1330, Micromeritics Instrument Corp., 
USA). The principle of the measurement is based on filling a calibrated volume, which 
contains a certain amount of powder, with helium in order to compute the volume of the 
solid phase /Via02/.  
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4.1.8. Calculation of the dimensionless numbers 
 The dimensionless numbers Re, We, Ca, and Oh, which are related to drop 
ejection and formation, are introduced in section 3.4. Eqs. (3.2) to (3.5) show that in order 
to calculate the dimensionless numbers either the drop velocity or a characteristic length, 
which is the drop radius in this work, or both of them are required. As mentioned in section 
3.4, most of the studies on inkjet printing used the nozzle radius as the characteristic 
length. The diameter of the nozzle (~30 µm) and the diameter of the ejected drops (~30-
40 µm) were of comparable dimensions. In order not to disregard a possible influence of 
the drop volume on the dimensionless numbers the drop radius was used as the 
characteristic length instead of the nozzle radius. 
 The volume and velocity of the ejected drops were estimated using Eq. (3.1). The 
drop volume and the drop ejection cycle of the HP45 ink, which is the original ink of the 
used printing system, are known as described in section 3.3.3.2. The ejection velocity of 
the amount of ink ejected through the nozzle to form a spherical HP45 droplet of 35 pl in 
an acceleration period of 7 µs is calculated as ~8 ms-1. For this calculation the following 
assumptions were made: (a) the drop volume is ~90% of the total ejected ink /Che97, 
Fen02/. The excess ink flows back into the nozzle due to the surface tension. (b) The 
ejection generates a single spherical drop without any secondary satellite droplets, (c) the 
drop velocity is identical for the whole drop, and (d) the drop velocity is equal to the 
ejection velocity. The volume and velocity of the HP45 ink and the physical ink properties 
were inserted in Eq. (3.1) and the total pressure needed to eject a drop of HP45 ink was 
calculated. The total pressure was used to calculate the volume and velocity of the 
ejected drops of the supportive and ceramic inks. Therefore the following assumptions 
were made: (a) all assumptions mentioned above are also valid, (b) the ceramic inks react 
to the heating element in the nozzle chamber exactly like the HP45 ink. Both types of inks 
are water based and contain comparable amounts of additives. Therefore it is reasonable 
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to assume that the vapour bubbles generated in case of both types of inks would result in 
equivalent ejection pressure. (c) The comparably high solid content of the ceramic inks is 
considered only as a density deviation using Eq. (3.1) and a possible influence of the solid 
particles on the drop formation was neglected.  
4.2. Printing system and procedure 
 The first section explains the characteristics of the printer and the printhead. Then 
the realised modifications to transform a desktop printer into a DIP system are described. 
The next section explains the preparation of the two-dimensional cross section data for 
fabricating components using the DIP method. The last section focuses on the general 
printing procedure, which is applied in all DIP experiments.  
4.2.1. Characteristics of the printer and printhead 
 The printer used, HP DeskJet 930c (HP Model No. C6427A), was basically an 
office-type desktop printer. It functions according to the DOD thermal inkjet printing 
technology and uses the 4th generation thermal HP print cartridges. The printer uses two 
separate cartridges, HP 51645 (HP No. 45) series for the black colour ink (K) and 
HP C6578 (HP No. 78) series for the three-colour ink (CMY) printing. The cartridges are 
fastened next to each other on a carriage, which can only move in the x-direction.  
 Only the HP45 cartridges were used for the printing experiments. According to the 
product’s datasheet a printing resolution of 600 x 600 dpi is possible with the HP45 
cartridge. The cartridge possesses an integrated printhead, which has 300 identical 
nozzles of ~30 µm diameter. The nozzles are placed in a 1/2 in. (~12.5 mm) line, which 
defines a nozzle spacing of 1/600 in. (~42 µm). This spacing allows a spatial resolution of 
600 dpi. Detailed information of the HP45 printhead is given in section 3.3.1.   
  
75 
  
4.2.2. Modifications of the printing system 
 The printing system was modified to realise the DIP method. The main 
modifications were made on the service station maintaining the printhead (see section 
3.3.2) and the paper feed mechanism. Also further components were integrated to the 
printing system in order to position the substrate and enhance the drying (uniform and fast 
drying) of the deposited layers. No modifications were made to the printhead and the 
driver software of the printer.  
 First of all the original paper feed mechanism of the printer was removed in order 
to allow over-printing at a given position, which provides a layer wise fabrication. The 
sensors monitoring the presence of print media (paper) were deactivated and new 
sensors were integrated to the system to ensure the operation stability in absence of the 
print media. 
The over-printing was performed on a substrate, which is placed in the printing 
zone below the path of the printhead. The substrate was carried and positioned by a 
platform, which can be precisely positioned in the z-direction using a stepper motor 
(servomotor, Isel Germany AG, Germany). The minimum step size was ~5 µm. The 
vertical motion of the stepper motor was controlled using the software TestPoint (CEC 
TestPoint, Capital Equipment Corp., USA). The substrate was fastened to the platform to 
avoid any misplacement during the operation. 
In order to provide a uniform and fast drying of the deposited layers a 300 W 
narrow-spot spotlight was placed above the printer. The light was focused on the 
substrate in order to maintain a uniform substrate temperature of 80-90 °C. The printer 
components exposed to the light were thermally insulated using styrofoam and Al foil. An 
axial fan (2408NL-04W-B40-P40, NMB Technologies Corp., USA) was integrated above 
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the platform to enhance the drying of the deposited layers. A further fan of same type was 
used to cool the circuit board of the printer. 
Printing inks of high solid content may result in clogging of nozzle orifices, because 
the printhead is originally not designed for ejecting such inks. In order to provide a printing 
stability the original service station of the printer was removed and an ultrasonic cleaner 
(Carrera® 2309, Lutter&Partner GmbH, Germany), which can clean and free the nozzles 
more intensively, was placed instead. The basin of the cleaner was filled with an ethanol-
water mixture, in which the printhead was immersed regularly. Next to the basin an 
elastomeric wiper was placed, which wipes the drops on the nozzle plate and avoids that 
the liquid in the cleaner interferes the printing zone. Additionally the orifice plate of the 
printhead was wiped with a rolling sponge in each printing cycle. It was placed at the other 
end of the printing path and was regularly wetted with the ethanol-water mixture during 
printing.    
4.2.3. Preparation of the cross sectional input data 
 In case of simple shaped objects without inclined surfaces like a regular cube or a 
standing cylinder, the cross section in the fabrication direction (z-direction) is identical 
through the whole object. Moreover if the cross section is a standard geometrical form like 
a rectangle or circle, there is no need to generate a three-dimensional model and 
transform this to a set of two-dimensional cross section data. Instead a simple graphics 
editor can be used to generate the cross section in desired dimensions. The generated 
cross section can be repetitively deposited until the desired height is achieved. This was 
the case for the fabrication of the mechanical bending samples, which are rectangular 
prisms.  
 In case of objects of complicated shapes with a varying / in the z-direction (e.g. the 
models in Fig. 4.3), the cross section data must be generated by processing the three-
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dimensional dataset of the model. The transformation of three-dimensional data into two-
dimensional data was performed using special software, which was developed for this 
purpose. The input of this software is a three-dimensional model, the thickness of the 
cross sections, which corresponds to the thickness of the deposited layers, and the 
desired colour of the cross sections. The output is a set of image data, in which the cross 
sections to be deposited have the demanded colour and the rest of the image is in white 
colour. Fig. 4.4 shows some of representative cross section data of the molar model in 
Fig. 4.3a, particularly the occlusal surface (the masticating surface) of the molar. It is also 
possible to transform three-dimensional multi-material models (or models with cavities) 
and define a different cross section thickness and colour for each material. This feature 
was used to process the dental bridge framework model (Fig. 4.3b) to generate two 
separate sets of cross sectional data. One data set was generated for the ceramic 
framework with a cross section thickness of 5 µm and the other was generated for the 
carbon black base with a layer thickness of 3 µm. The layer thicknesses were optimised 
according to the solid content of the both inks. The base was needed to fabricate the 
bottom topography of the framework. 
  
Fig. 4.3. Three-dimensional models of (a) molar, (b) framework of a dental bridge.  
 
Fig. 4.4. Example images of the cross section data of the occlusal surface of the molar.  
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The y-dimension of the DIP-fabricated components is limited using this specific 
printing system because the printhead only moves only in the x-direction. Therefore the 
maximum width to be printed in the y-direction is restricted by ~1/2 in., which is the span 
of the nozzle row on the printhead. As a result the y-dimension of the cross section data 
and therefore the size of the objects to be fabricated are limited by ~1/2 in (~12.5 mm). 
Thus the framework data had to be downscaled accordingly. 
4.2.4. Printing procedure 
The printing system was operated using Windows® XP and the standard printer 
driver. The print orders were sent to the system using MS Word® documents containing 
the figures of the cross sections data. The cross sections to be deposited were filled with 
black colour (RGB: 0/0/0) and the “black & white” printing mode was selected so that only 
the HP45 cartridge was active. Additionally the ink volume settings were set to “highest” in 
order to eject the maximum amount of ink possible.  
Before sending the print order, the ultrasonic cleaner was filled, the rolling sponges 
were wetted using deionised water, and the drying system was activated to preheat the 
substrate. The HP45 cartridge filled with the ink was placed in the carriage and the order 
was sent. In order to avoid any contamination of the system, especially of the basin of the 
cleaner and the sponges, the nozzles of the three-colour cartridge were mechanically 
sealed.  
4.3. Deposition of patterns by DIP 
 The developed inks and the printing system were used for depositing layers of 
ceramic and carbon. Mainly two types of experiments were performed. In the first group of 
experiments single droplets of different ceramic inks were deposited and in the second 
group of experiments the DIP method was realised to fabricate three-dimensional ceramic 
components. 
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4.3.1. DIP of arrays of single droplets  
Arrays of single droplets were deposited in order to investigate the influence of the 
ink properties on the drop integrity and formation. The experiment was performed with the 
original HP45 ink as well as the supportive and ceramic inks.  
An MS Word® document containing a 10 x 10 mm2 square in light grey colour 
(RGB: 248/248/248) was prepared to eject single droplets. The experiment was repeated 
with each ink for the “lowest”, “normal”, and “highest” ink volume settings. The identical 
HP45 ink cartridge was used for all experiments. Standard glass object plates, which were 
cleaned with ethanol, were used as substrates. The ultrasonic cleaner, the rolling 
sponges, and the axial fan were not used in these printing experiments.  
The drop arrays on the substrates were sputtered with Au and analysed by SEM 
(Leo 440 SEM, Leo, Germany). The shape and size of the dots of different inks were 
evaluated in order to understand the interaction between the physical properties as well 
as the dimensionless numbers of the inks and the drop formation for TIJ printing systems.  
4.3.2. DIP of three-dimensional ceramic components 
Several demonstration objects including the occlusal surface of a molar (Fig. 4.3a), 
the dental bridge framework (Fig. 4.3b), a structure with curved channels, and a structure 
with concentric stars were fabricated by DIP. Also bending bars (with a cross section of 
4 x 45 mm2) and platelets (with a cross section of 3.5 x 4.7 mm2) were produced in order 
to determine the mechanical characteristics of DIP-produced components. In these 
experiments graphite substrates of 4 mm thickness (SGL Carbon, Germany) were used. 
The structure with concentric stars was printed without additional printhead 
cleaning and assisted drying using the ~24 vol.-% ink with 1 wt.-% Dolapix PC75 and 
10 wt.-% ethylene glycol. The framework, the molar, the curved structure, and the bending 
samples were fabricated using the ~27 vol.-% ceramic ink. The molar as well as the 
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reversely printed molar (a negative of the occlusal topology was fabricated with the 
supportive carbon ink) were printed with the ~22 vol.-% ink. 
In order to determine the powder compaction achieved by the DIP method, the 
green density of the DIP-fabricated components was calculated according to the 
buoyancy principle. Instead of water a vegetable oil (? = ~0.84 g·cm-3) was used, in which 
the compacts were not disintegrated. 
4.4. Sintering of the DIP-fabricated components  
 The DIP-fabricated components were dried at room temperature for 2-3 h and 
were subsequently stored at 80 °C for 12 h. The organic content in the components were 
removed by a 3 h heat treatment at 550 °C. A second heat treatment was applied 3 h at 
850 °C in order to remove the supportive carbon structure and the substrate. The 
components were then 2.5 h sintered at 1450 °C in coarse ZrO2 powder. The sintering 
program applied for sintering the 3Y-TZP components is shown in Fig.4.5. The bending 
specimens as well as the framework and the molar were sintered. 
 
Fig. 4.5. The sintering program applied to the 3Y-TZP components.  
 The final density as well as the relative density of the sintered components 
fabricated with the DIP method was determined according to the buoyancy principle.  
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4.5. Evaluation of the mechanical strength of the DIP-produced samples 
The mechanical properties of ceramic components are usually characterised in 
terms of flexural strength /Fri04/. The strength of a ceramic component depends on the 
material composition and grain size, the production conditions and additives, and the 
fabrication process /Fri04/. Therefore manufacturing components of identical composition 
by different manufacturing processes may result in components of different strength. The 
components fabricated by DIP are intended for structural applications, which require 
components of good mechanical characteristics. In order to prove the feasibility of the DIP 
method for manufacturing high strength components bending specimens were DIP-
fabricated to determine the strength by four-point bending (4PB) and ball-on-three-balls 
(B3B) methods.  
The fracture strength of ceramic materials varies from component to component 
even if nominally identical specimens are tested under identical conditions /Lu02/. 
Furthermore the strength of ceramic components is not a well-defined quantity instead it is 
a statistical distribution depending on the size, shape, position, and orientation of the 
defects in the microstructure /Lu02, Pas08, Wac09/. The fracture of ceramic components 
is explained by the weakest link fracture statistics because the fracture initiates at a critical 
defect, which is the weakest part of the entire stressed volume /Bas11, Dan06, Fri04, 
Wac09/. The two-parameter Weibull distribution function is widely used to describe the 
fracture strength distribution of ceramic components in mathematical terms /Bas11, Fri04, 
Wac09/.  
4.5.1. Weibull distribution 
 The two-parameter Weibull distribution of failure probability, F, is given by /Bas11, 
Dan06, Pas08/ 
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where ? is the applied homogeneous tensile stress, V the volume of the tested specimen, 
and V0 a characteristic reference volume. The term ?0 is the characteristic strength and it 
is equal to the stress for a probability of failure of ~63.2% (1-e-1 = ~63.2%), which is 
obtained from Eq. (4.2) for V = V0 and ? = ?0. The term m is the Weibull modulus and the 
higher the m the narrower is the distribution. The magnitude of the Weibull modulus, m, 
depends on the nature, dispersion, and size distribution of the defects /Bas11, Pas08/.  
 
In practice, the specimens are of nominally identical size and are tested under 
nominally identical conditions. Therefore it can be considered as V = V0, which means that 
the sample volume is equal to the characteristic reference volume. This simplifies the 
Eq. (4.2) but it is necessary to fit the Weibull parameters, ?0 and m, to the experimental 
data. The parameter fitting was realised in the following steps:
 
? The fracture stress values of all specimens, ?i, were measured and arranged in 
ascending order. Here, i denotes the specimen and 1 ? i?? N. The term N is the total 
number of specimens and N?? 30 is recommended by the European Norm EN 843-1.  
? The cumulative failure probability was estimated for each measurement by /Bas11, 
Gon00/ 
N
i
?F i
5.0)( ??
         (4.3) 
? The measured ?i and the estimated F(?i) values were inserted in Eq. (4.2) for 
V = V0 and the values of ln(ln(1/(1-F(?i))) and ln(?i) were calculated for each specimen. 
?  These calculated values were used to fit the Weibull parameters using the 
statistics add-in “Analysis ToolPak Add-In” of MS Excel®. This feature fits a line through a 
set of observations by performing linear regression using the least squares method, which 
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is a drawback of MS Excel® because the best fit of the Weibull parameters can be 
obtained using the maximum likelihood method /Smi11, Wac09/.  
? The upper and lower limits of the Weibull parameters, ?0 and m, were calculated 
for a 95% confidence interval according to the European Norm EN 843-1. The norm 
tabulates the factors, tupper and tlower as well as lupper and llower, for calculating the respective 
upper and lower limits of the confidence interval of ?0 and m, respectively. 
? The upper and lower limits, Cupper and Clower, of the confidence interval for the 
characteristic strength, ?0, can be calculated by 
)exp(0 m
t
?C upperupper ??         (4.4a) 
)exp(0 m
t
?C lowerlower ??         (4.4b) 
? The upper and lower limits, Dupper and Dlower, of the confidence interval for the 
Weibull modulus, m, can be calculated by 
upperupper lmD /?          (4.5a) 
lowerlower lmD /?          (4.5b) 
? The estimation causes the Weibull parameters ?0 and m to have a bias. Especially 
the Weibull modulus m is overestimated and it should be corrected using the unbiasing 
factor b, which is given in the European Norm EN 843-01: 
046958.1593145.11 ???? Nb    for 5 ? N?? 120   (4.6) 
The bias in ?0 is rather small compared to the bias in m and therefore a correction is not 
necessary according to the European Norm EN 843-01.  
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4.5.2. Four-point bending (4PB) tests 
The 4PB method was applied to determine the strength of the DIP-fabricated 
components under uniaxial loading. The 4PB setup had respective inner and outer roller 
spans of 12 mm and 24 mm. The tests were performed using a universal testing machine 
(model 1186H0425, Instron, Germany) with a stressing rate of 100 MPa·s-1. 
Bending specimens (N = 34) were fabricated by DIP. Also a reference sample 
(N = 10) was produced by slip casting of the attrition milled 40 vol.-% ceramic suspension. 
The specimens of both samples were ground and polished on a precision surface grinding 
machine (PS R300, G&N, Germany) prior to testing. The nominal dimensions of the DIP 
and slip cast specimens were 1.5 x 3.0 x 30.0 mm3 and 3.5 x 4.2 x 52.5 mm3, respectively. 
The exact dimensions of each specimen were measured and the fracture strength was 
determined using /Mun01/ 
 
2
max
2
)(3
hw
LLF
? inouti ??
????
        (4.7) 
where Fmax is the maximum fracture load, Lout and Lin are the respective outer and inner 
roller spans, w is the specimen width, and h is the specimen height.  
 The strength results of the DIP and slip cast samples are not directly comparable 
with each other due to the different specimen dimensions of both samples, because the 
tested volume under stress is defined by the specimen dimensions /Fri04, Qui03a, 
Qui03b/. The dependency of the strength on component volume is given by /Fri04, 
Qui03a, Qui03b/ 
m
effeff VV??
/1
1,2,2,01,0 )/(??         (4.8) 
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where ?0,1 and ?0,2 are the respective characteristic strengths of specimens of different 
volumes, Veff,1 and Veff,2 are the respective effective volumes, and m is the Weibull 
modulus. 
 The effective volume Veff is the volume of a theoretical tensile specimen, which has 
the same fracture probability like the whole specimen when subjected to ?max /Qui03a, 
Qui03b/. In addition Veff is smaller than the total volume within the outer support points, 
Vtest, and the value of Veff depends on the test method as well as the configuration of the 
test setup /Qui03b/. The Veff for a 4PB setup, in which the distance between the each 
outer support point to the closest inner support point is equal to the 1/4th of the total outer 
roller span (also ½ of the total inner roller span), is given by /Qui03b/ 
2)1()2()4/( ???? mmVV testeff        (4.9) 
 The characteristic strengths of the DIP-fabricated and slip cast specimens were 
compared with each other using the Eqs. (4.8) and (4.9).  
4.5.3. Ball-on-three-balls (B3B) tests 
Besides the 4PB test, which is used to determine the strength under uniaxial 
loading, the DIP-fabricated components were also tested with the B3B method. In the B3B 
method the specimens are loaded with biaxial stress, which is often the stress situation in 
real applications compared to uniaxial loading /Bör02, Bör04, Dan07/.  
The B3B setup contains four balls for loading and supporting the specimen 
/Dan07/. The testing specimen is centrally placed on the loading ball and is supported by 
three balls on the other surface of the specimen /Dan07/. The specimens are loaded 
biaxially until fracture occurs and the maximum tensile biaxial stress is given by /Bör04, 
Dan07/ 
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2max t
Ff? ??           (4.8) 
where F is the maximum load at fracture and t is the specimen thickness. The term f is a 
dimensionless factor and is a function of the specimen geometry, the geometry of the 
testing setup, and the Poisson’s ratio, ?, of the tested material /Bör04, Dan07/. For ? = 0.3 
/Bau94/, it was determined that f is equal to 1.73 for the given configuration of the testing 
setup and DIP-fabricated specimens.  
 A  batch  of  specimens  (N = 21) of 3 x 4 x 0.3 mm3 was fabricated by DIP. The 
specimens were tested as sintered and the top surfaces were loaded during testing. A 
reference commercial sample (N = 31), which was fabricated by hot isostatic pressing 
(HIP) at 140 MPa and 1450-1550 °C (Z900, Morgan Technical Ceramics, UK), was 
prepared with the same dimensions and tested under identical conditions. The B3B tests 
were performed using a universal testing machine (Zwick Z010, Zwick/Roell, Germany).  
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5. Results 
This chapter presents and evaluates the results of the performed experiments and 
measurements. The first section of the chapter describes the ink characteristics and their 
influence on the printability. In addition the dimensionless numbers are calculated for each 
ink. In the following section the relation between the drop integrity and the ink 
characteristics as well as the dimensionless numbers is questioned by investigating the 
deposited arrays of single droplets. Subsequently the deposition accuracy of the DIP 
method is examined by SEM analysis of several DIP-fabricated components. The 
interface between the deposited ceramic and carbon layers is also investigated using 
SEM. The relative densities of the green and sintered components are determined. In the 
last section the mechanical characteristics of the DIP-fabricated components are 
presented and compared with reference samples fabricated by conventional techniques. A 
fractographic analysis explaining the origins of and mechanisms of fracture is provided, as 
well. 
5.1. Ink characteristics 
 This section represents the results of the measurements, which were performed to 
characterise the inks. The results of the measurements were used to estimate the ejection 
velocity and volume of the single drops, which were further used to calculate the 
dimensionless numbers of the inks.  
5.1.1. Zeta potential and dispersion stability  
 The zeta potentials of four different ceramic suspensions were measured to 
determine the dispersion stability. The suspensions had 5 vol.-% solid content and were 
dispersed with either 0.5 wt.-% or 1.4 wt.-% of either Dolapix CE64 or Dolapix PC75. The 
suspensions with 0.5 wt.-% and 1.4 wt.-% of Dolapix CE64 revealed initial pH values of 
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~9.5 and ~9.1, respectively. The suspensions with 0.5 wt.-% and 1.4 wt.-% of Dolapix 
PC75 had respective initial pH values of ~8.8 and ~9.2. Fig.5.1 shows the variation of the 
zeta potential for the given pH interval.  
 
Fig. 5.1. Zeta potential of the ceramic (3Y-TZP) suspensions  
 The absolute values of the zeta potentials of the suspensions are > 40 mV at the 
initial pH values and therefore all the suspensions can be considered as electrostatically 
stable /Boc07/. An absolute zeta potential of 40 mV is achieved for the pH ranges of 
> ~8.5 and > ~5.5 for the suspensions with 0.5 wt.-% and 1.4 wt.-% of dispersant content, 
respectively. This shows that increasing the dispersant content from 0.5 to 1.4 wt.-% 
enhances the dispersion stability of the given suspensions for the given pH range. The 
isoelectric point (IEP) of the suspensions with 0.5 wt.-% dispersant is at pH = ~6, while the 
IEP of the 1.4 wt.-% dispersant suspensions is at pH < ~4. This also indicates that the 
suspensions with 1.4 wt.-% of dispersant are comparably more stable in this pH range.    
5.1.2. Particle size distribution 
 The particle size distribution is an indicator of the dispersion quality and an 
important factor for satisfying the ink-printer compatibility. The particle size distributions of 
the attrition milled ceramic suspensions (40 vol.-% solid content with 0.5 wt.-% dispersant) 
and the HP45 ink were determined. The particle size distributions of these samples are 
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plotted in Fig.5.2. The HP45 ink has a narrow particle size distribution with the respective 
d50 and d90 values of 65 nm and 81 nm. The ceramic suspensions reveal comparably 
broader distributions. The respective d10, d50, and d90 values of the suspension dispersed 
with Dolapix CE64 are 100 nm, 280 nm, and 890 nm, while these values are equal to 
150 nm, 380 nm, and 1.12 µm for the suspension containing Dolapix PC75. This shows 
that Dolapix CE64 is a more effective dispersant compared to Dolapix PC75 for the given 
concentrations. In fact the d50 values of both ceramic suspensions are ~80 times smaller 
than the diameter of the nozzle orifice (~30 µm), which means that the particle size 
requirement for the ink-printer compatibility is fulfilled /Der03, Lej09/. The particle size 
distribution of the supportive carbon ink could not be determined with the given equipment 
due to foam formation during the measurements.  
 
Fig. 5.2. The particle size distribution curves of attrition milled suspensions and HP45 ink.  
5.1.3. Viscosity of the inks 
The viscosities of the ceramic, the carbon, and the HP45 inks were determined at 
20 °C and 60 °C. The relation between the shear rate and shear stress for the 22 vol.-
% and 27 vol.-% ceramic, the supportive carbon black, and the HP45 inks are plotted in 
Fig.5.3. The variation of the viscosities of these inks with the shear rate is plotted in 
Fig.5.4. As Figs.5.3-5.4 show, that all of the four inks, particularly the ceramic inks, reveal  
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Fig. 5.3. The shear stress against the shear rate for the DIP and HP45 inks (T = 20 °C).  
 
Fig. 5.4. The viscosity of the DIP and HP45 inks against the shear rate (T = 20 °C).  
 
Fig. 5.5. The viscosity of the DIP and HP45 inks at 1000 s-1 shear rate (T = 20 °C).  
a shear thinning behaviour at shear rates < 1000 s-1 and the viscosities approach constant 
values at shear rates > 1000 s-1. 
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The inks have a constant viscosity at 20 °C and 1000 s-1 shear rate as shown in 
Fig.5.5. The viscosities (rounded to tenths) at a shear rate of 1000 s-1 of all inks including 
the 24 vol.-% ceramic inks are listed in Table 5.1. The ink densities, which were calculated 
according to the simple rule of mixtures, are listed in Table 5.1, as well. The abbreviations 
for the inks in Tables 5.1-5.3 and Figs.5.8-5.9 can be explained as follows. The first letter 
“C” or “P” corresponds to the type of dispersant used, which is either Dolapix CE64 or 
Dolapix PC75, respectively. The second letter corresponds to the first non-numeric letter 
of the additive used, which is the letter “C” for the additive caprolactam, “E” for ethylene 
glycol, “H” for 1,6-hexanediol, “P” for 2-pyrrolidone, “T” for TMP, and “U” for urea. The 
ceramic inks abbreviated in this manner have a solid content of 24 vol.-%. The ceramic 
inks used for the DIP fabrication of three-dimensional components are named as “22 vol.-
%” and “27 vol.-%” according to the solid content and the supportive carbon ink is named 
as “carbon”.  
 
Fig. 5.6. The temperature dependence of viscosity at 1000 s-1 shear rate.  
The variation of the ink viscosity with temperature is plotted in Fig.5.6. The 
viscosity steadily decreases as the temperature increases from 20 °C to 65 °C. The 
temperature range for the viscosity measurement was limited by 65 °C because the 
maximum temperature of the ink in the nozzles is ~60 °C as explained in section 3.3.3.2 
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/All06, Boh94a/. The viscosities of all inks (rounded to tenths) at 60 °C and 1000 s-1 shear 
rate are listed in Table 5.1, as well. 
Table 5.1. Density, viscosity, and surface tension values of all inks at 20 °C and 60 °C. 
  20 °C 60 °C 
Ink type ? / g/cm3 ? / mPa·s ? / mNm-1? ? / mPa·s ? / mNm-1 
C-C 2.19 8.2 49 4.0 42 
C-E 2.24 9.9 61 5.0 56 
C-H 2.17 9.8 47 4.4 43 
C-P 2.26 10.2 57 4.5 49 
C-T 2.23 9.1 57 4.5 51 
C-U 2.27 6.3 47 3.6 41 
P-C 2.20 7.6 47 3.5 42 
P-E 2.24 9.0 59 4.1 54 
P-H 2.19 9.5 44 4.1 41 
P-P 2.25 9.7 54 4.3 51 
P-T 2.22 8.1 52 3.8 47 
P-U 2.26 5.6 69 3.0 65 
HP45 1.06 2.9 53 1.4 49 
22 vol.-% 2.06 10.1 35 4.7 32 
27 vol.% 2.35 15.4 42 8.3 42 
carbon 1.07 4.2 32 1.8 29 
 
The variation of the ink viscosity with the solid content was investigated for the 
suspensions containing either Dolapix CE64 or Dolapix PC75 as dispersant. The 
experimental viscosity data (at 20 °C and 1000 s-1 shear rate) were used to fit the Krieger-
Dougherty model and the respective ?max values of 51.4 vol.-% and 48.5 vol.-% were 
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estimated for the suspensions dispersed with Dolapix CE64 and Dolapix PC75. The 
higher ?max value of the suspensions dispersed with Dolapix CE64 shows the comparative 
effectiveness of Dolapix CE64 for dispersing the 3Y-TZP particles in aqueous media. The 
experimental viscosity data as well as the fitted Krieger-Dougherty curves are shown in 
Fig.5.7. Previous studies investigating suspensions of comparative solid contents using 
the Krieger-Dougherty model reported similar values of the fitted ?max /Ber96, Rei05b, 
San09, See01b, Wan05a/. 
 
Fig. 5.7. The variation of the viscosity with the solid content at 1000 s-1 shear rate.  
The Krieger-Dougherty curves in Fig.5.7 have a comparably low slope below a 
solid content of ~35 vol.-%, which means that the increase in the viscosity is low with 
increasing solid content. As a result the viscosity can be considered to satisfy the ink-
printer compatibility in the solid content range of < ~35 vol.-%. In the solid content range 
above ~35 vol.-%, an increase in the solid content results in a comparably high increase in 
the viscosity so that the ink viscosity is no more compatible with the printer. The highest 
solid content of the ceramic inks was 27 vol.-%, which means all inks used are in the non-
critical solid content range. Moreover the Krieger-Dougherty curves in Fig.5.7 were 
generated using the viscosity data obtained at 20 °C. In fact the actual ink temperature is 
> 20 °C during printing. This indicates a lower ink viscosity and a higher value of ?max 
during printing, which could broaden the solid content range satisfying the ink-printer 
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compatibility. The viscosities of the ceramic inks (Fig.5.5 and Table 5.1) are higher 
compared to the suspensions in Fig.5.7. The comparatively high viscosities of the inks can 
be explained by the presence of several functional additives in the inks. Although the 
suspensions dispersed with Dolapix CE64 have lower viscosities than the suspensions 
containing Dolapix PC75 (Fig.5.7), Table 5.1 shows that the viscosities of the 24 vol.-% 
inks with Dolapix PC75 are lower than the corresponding inks containing Dolapix CE64. 
5.1.4. Surface tension of the inks 
 The surface tensions of the inks (rounded to units) measured for a bubble lifetime 
of 0.5 s at 20 °C and 60 °C are listed in Table 5.1. The surface tensions of the inks vary 
from 29 mNm-1 to 69 mNm-1 and are on average ~9% lower at 60 °C.  
5.1.5. True density of the powders 
 The respective true densities of the 3Y-TZP and carbon black powders were 
determined as 6.08 g/cm3 and 1.86 g/cm3 using a multi-volume helium pycnometer. 
According to the manufacturers’ datasheets the 3Y-TZP and carbon black powders have 
densities of 6.05 g/cm3 and 1.7-1.9 g/cm3, respectively. 
5.1.6. The dimensionless numbers of the inks 
 The dimensionless numbers, Re, We, Ca, and Oh, were calculated for all inks 
using the experimental viscosity and surface tension data, the calculated ink densities, 
and the estimated drop characteristics of the inks at the temperatures of 20 °C and 60 °C 
separately. 
 Eq. (3.1) was used to calculate the required total pressure in a single nozzle for 
ejecting a single HP45 droplet of 35 pl with an ejection velocity of ~8 ms-1. The total 
pressure at 20 °C and 60 °C can be calculated as ~2.62 bar and ~2.37 bar, respectively. 
These pressure values were assumed to be constant for all inks. The ejection velocity of 
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each ink was separately calculated by inserting the total pressure and the ink properties in 
Eq. (3.1). Knowing the magnitudes of the time period of drop acceleration, the nozzle exit 
area, and the calculated ejection velocities, the drop volumes and radii of each ink were 
calculated. Tables 5.2-5.3 show the drop velocity (rounded to tenths), volume (rounded to 
units), and radius (rounded to units) as well as the dimensionless numbers (rounded to 
tenths) for each ink at 20 °C and 60 °C, respectively.  
Table 5.2. Drop characteristics and dimensionless numbers at 20 °C.  
Ink type u / ms-1 rdrop / µm Vdrop / pl Re We Ca-1 Oh-1 
C-C 3.8 16 17 16.4 10.6 1.6 5.1 
C-E 3.5 15 16 12.2 6.9 1.8 4.6 
C-H 3.6 16 16 12.4 9.3 1.3 4.1 
C-P 3.4 15 15 11.7 7.2 1.6 4.4 
C-T 3.6 16 16 14.0 8.1 1.7 4.9 
C-U 4.1 16 18 24.5 13.6 1.8 6.6 
P-C 4.0 16 18 18.5 11.8 1.6 5.4 
P-E 3.6 16 16 14.2 7.9 1.8 5.1 
P-H 3.6 16 16 13.2 10.3 1.3 4.1 
P-P 3.5 16 16 12.7 8.1 1.6 4.5 
P-T 3.8 16 17 16.8 10.0 1.7 5.3 
P-U 4.2 17 19 28.3 9.7 2.9 9.1 
HP45 8.0 20 35 59.3 25.8 2.3 11.7 
22 vol.-% 3.7 16 16 11.8 12.5 0.9 3.3 
27 vol.% 2.8 14 12 6.1 6.2 1.0 2.4 
carbon 7.2 20 32 36.1 34.0 1.1 6.2 
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Table 5.3. Drop characteristics and dimensionless numbers at 60 °C.  
Ink type u / ms-1 rdrop / µm Vdrop / pl Re We Ca-1 Oh-1 
C-C 4.1 16 18 37.0 14.5 2.5 9.7 
C-E 3.8 16 17 27.1 9.2 3.0 8.9 
C-H 41 16 18 32.5 13.5 2.4 8.9 
C-P 3.9 16 17 31.5 11.3 2.8 9.4 
C-T 3.9 16 18 31.4 10.9 2.9 9.5 
C-U 4.1 16 18 42.6 15.5 2.8 10.8 
P-C 4.2 17 19 44.0 15.5 2.8 11.2 
P-E 4.0 16 18 35.4 10.7 3.3 10.8 
P-H 4.1 16 18 35.8 14.7 2.4 9.3 
P-P 4.0 16 18 33.4 11.1 3.0 10.0 
P-T 4.1 16 18 39.4 13.1 3.0 10.9 
P-U 4.2 16 19 52.1 10.1 5.2 16.4 
HP45 8.0 20 36 123.5 28.2 4.4 23.3 
22 vol.-% 4.1 16 18 29.8 18.2 1.6 7.0 
27 vol.% 3.2 15 14 13.4 8.4 1.6 4.6 
carbon 7.8 20 35 93.1 44.8 2.1 13.9 
 
5.2. The drop integrity of the deposited single drops 
 Arrays (30 columns x 30 rows) of single droplets of all inks were deposited. The 
dot shapes of the deposited drops were analysed by SEM in order to investigate the 
influence of the ink properties on the drop integrity and shape. Three drop arrays with 
different drop volumes were ejected for each ink. Differences in drop volumes were 
achieved through the three different drop-volume settings of the printer, which are 
“lowest”, “normal”, and “highest”. The deposition of 900 single drops per array ensured the 
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determination of the typical dot characteristics of each ink. This section shows the SEM 
images of the ink-specific dot arrays and investigates the relationship between the drop 
integrity and the ink properties, drop volume settings, as well as the calculated 
dimensionless numbers. 
SEM images of the dot arrays of all inks are shown in Fig.5.8. The drop volume 
setting was set as “normal” for all inks. The printhead was moving from right to left as the 
drops were ejected and all drops on the same horizontal line were ejected from the same 
nozzle. The SEM images show that in case of most inks primary drops and accompanying 
satellite droplets were ejected instead of single drops. The drop integrity, which means the 
formation of single drops without satellites, was achieved only in case of the P-E, P-U, 
HP45, and carbon inks. Actually the deposits of the P-E and carbon ink drops have an 
elliptical dot shape. This could indicate the formation of satellite droplets, which were 
unified with the primary drop before reaching the substrate or on the substrate. The 
possible existence of such satellites, which reunify with the primary drop, was ignored in 
case of the P-E and carbon inks, because their dots were in fact of different shape 
compared to the dots of the satellite forming inks. The following evaluation considers that 
the drop integrity was achieved in case of printing the P-E and carbon inks as well as the 
HP45 and P-U inks.  
The inks forming satellite free single drops, which are the P-E, P-U, HP45, and 
carbon inks, should have at least one common property, which makes them compatible 
with the TIJ printing system and distinguishes them from the other inks. The drop integrity 
can either be a result of the physical properties of these inks or can be explained by the 
dimensionless numbers, which include further parameters related to the printing system 
such as the drop volume and the velocity. As mentioned in section 3.4, particularly the Oh 
number is a widely accepted indicator for explaining the drop integrity of a certain ink 
ejected under certain ejection conditions. However before performing a comparative 
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investigation of the possible influences of the ink properties and dimensionless numbers 
on the drop integrity the reader must be convinced that the smaller dots in Figs.5.8-5.9 are 
a result of the satellite drops, which were formed during ejection, instead of the splashing 
of the primary drops due to impact. 
 
Fig. 5.8. SEM images of deposited single drops of the (a) C-C, (b) C-E, (c) C-H, (d) C-P, 
(e) C-T, (f) C-U, (g) P-C, (h) P-E, (i) P-H, (j) P-P, (k) P-T, (l) P-U, (m) HP45, (n) 22 vol.-% 
3Y-TZP, (o) 27 vol.-% 3Y-TZP, and (p) supportive carbon inks.  
 When a drop of certain velocity collides with a solid surface the drop may bounce 
or splash. The occurrence of splashing depends on the density and velocity of the drop 
and is usually observed in case of inks with high We numbers as explained in section 3.4.  
  
99 
  
 
Fig. 5.9. SEM images of deposited single drops printing the P-E ink with the (a) lowest, 
(b) normal, (c) highest ink volume settings, P-U ink with the (d) lowest, (e) normal, 
(f) highest ink volume settings, HP45 ink with the (g) lowest, (h) normal, (i) highest volume 
settings, and the supportive carbon ink with the (j) lowest, (k) normal, (l) highest volume 
settings.  
However Fig.5.8 shows that the inks with smaller We numbers form satellites while the 
inks with higher We numbers do not (Tables 5.2-5.3). This would indicate that the small 
dots are the result of the satellites occurred during the ejection rather than splashing. In 
addition to the vertical ejection velocity (negative z-direction) the drops also have a 
velocity in the x-direction, which is the gliding direction of the printhead during ejection. 
Another hypothesis is that the x-velocity would lead to bouncing or splashing, or to a 
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deformation of the dot shape. If this hypothesis is true all dots would be accompanied with 
smaller dots, because all drops have the same velocity in the x-direction. Moreover all of 
the small dots would be on the left side of the primary dots in Figs.5.8-5.9 (printhead 
traverse direction from right to left). This hypothesis cannot be true because not all dots 
are surrounded with smaller dots (Figs.5.8-5.9) and not all small dots are on the left of the 
large dots (e.g. Fig.5.8e or Fig.5.9a). Therefore it is more likely that the smaller dots in 
Figs.5.8-5.9 are formed by satellite drops instead of splashing. 
5.2.1. Influence of the ink properties on drop integrity 
 The densities, viscosities, and surface tensions of all inks are listed in Table 5.1. A 
possible influence of the ink properties on the drop integrity can be understood by 
matching the ink properties in Table 5.1 with the SEM images in Fig.5.8. Knowing that the 
HP45 ink is the original ink of the printing system and the ejected HP45 drops form single 
dots as shown in Figs.5.8-5.9, it is reasonable to assume that the other inks forming single 
dots are also compatible with the printing system. Investigating the properties of the inks 
forming single drops, which are the P-E, P-U, HP45, and carbon inks, the requirements 
and limits of the ink-printer compatibility could be determined.  
The densities of the HP45 and carbon inks, which form single droplets, are lower 
compared to the ceramic inks. However the P-E and P-U inks also form single drops but 
they have comparably high densities. Besides all ceramic inks have comparable densities 
but they have different drop shapes as shown in Fig.5.8. Therefore it can be concluded 
that the ink density alone is not sufficient to explain the drop integrity of an ink ejected by 
the TIJ printing system. 
The viscosities and surface tensions of the inks were measured at 20 °C and 
60 °C. In the majority of the previous studies the measurements were performed at room 
temperature /Fen02, Jan09, Lee03, Lin08, Nog05, Tai08, Wij08, Zha01/. However in 
  
101 
  
several TIJ printing systems the ink at the nozzles is preheated to ~60 °C to avoid 
viscosity variations due to temperature increase during printing /All06, Boh94a/. Therefore 
it is realistic to assume that the ink temperature at the nozzles would be between 20 °C 
and 60 °C during operation. Table 5.1 shows that if an ink has a low viscosity (or surface 
tension) compared to other inks at 20 °C, the viscosity (or surface tension) of this ink is 
also comparably low at 60 °C, which means the ranking of the inks in terms of viscosity (or 
surface tension) is similar at both temperatures. As a result the ranking of the inks in 
terms of dimensionless numbers is also similar at both temperatures. In the following 
evaluation both of the datasets at 20 °C and 60 °C are considered to be relevant for 
linking the drop integrity with the ink properties. In particular the dataset at 20 °C allows a 
comparison with the previous studies whereas the dataset at 60 °C is probably rather 
realistic.  
 The HP45 ink has the lowest viscosity among all inks at both temperatures. The 
carbon and P-U inks have the next lowest viscosities but the P-E ink has an average 
viscosity. This means that three of the four inks, which do not form satellites, have lower 
viscosities than the satellite forming inks. However in spite of the average density of the P-
E ink, the ink does not form satellites, as well. Moreover the C-U ink has a comparable 
viscosity like the P-U ink but it is still forming satellites during ejection. As a result it can be 
concluded that the viscosity is a key parameter to achieve drop integrity, but only by 
adjusting viscosity the drop integrity cannot be achieved.  
 The surface tensions of the inks vary between ~30 mNm-1 and ~70 mNm-1 
(Table 5.1). The P-U ink has the highest and the carbon ink has the lowest surface 
tension among all inks. Knowing that both inks do not form satellites it can be concluded 
that the surface tension alone is not a sufficient parameter to explain drop integrity. 
However, as mentioned above the P-U and C-U inks have both low viscosities. While the 
P-U ink does not form satellites, the C-U ink does. Table 5.1 shows that the P-U ink has a 
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considerably higher surface tension than the C-U ink. This would lead to the hypothesis 
that if an ink of average viscosity has a high enough surface tension no satellites would be 
generated. However the C-E ink forms satellites but the P-E ink does not, although the C-
E ink has a higher surface tension than the P-E ink. This is against the hypothesis above. 
A careful observation of the SEM image of the C-E drops (Fig.5.8b) shows that five of the 
nine dots in the image are free of satellites. As a result the hypothesis has to be adjusted 
as inks with high surface tensions could be more suitable for ejecting single drops.  
5.2.2. The relation between the dimensionless numbers and the drop integrity 
 The dimensionless numbers Re, We, Ca-1, and Oh-1 of all inks at 20 °C and 60 °C 
are listed in Tables 5.2-5.3, respectively. A comparison of the dimensionless numbers with 
the SEM images in Fig.5.8 would reveal a potential relation between the drop integrity and 
the dimensionless numbers.  
 Tables 5.2-5.3 show that three of the four inks, which do not form satellites, have 
the largest Re numbers at both temperatures. These three inks have also the lowest 
viscosities. As previously explained in section 3.4, the Re number describes the relative 
importance of the inertial forces to the viscous forces. Knowing that the ceramic inks have 
similar densities and drop velocities, a high Re number indicates to a low viscosity. The 
Re numbers of the HP45 and carbon inks are higher compared to the ceramic inks. This is 
a result of the considerably low viscosity of these inks. As a result it can be concluded that 
inks with a high Re number, which are inks of low viscosity, could be preferable to achieve 
the drop integrity.  
 The We number shows the relative importance of the inertial forces to the surface 
tension forces as explained in section 3.4. It was previously explained that the influence of 
the surface tension alone on the drop integrity is negligible (see section 5.2.1). As seen in 
Tables 5.2-5.3, the We numbers of the inks forming single drops are of various 
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magnitude. Therefore it is not possible to determine a range of the We number enabling 
the drop integrity.  
 As explained in section 3.4, the Ca number describes the relative importance of 
the viscous forces to the surface tension forces. This means that an ink with low viscosity 
and high surface tension would have a high Ca-1 number. In section 5.2.1, it was argued 
that an ink with low viscosity and high surface tension would be preferable to achieve drop 
integrity. Tables 5.2-5.3 show that three of the four inks, which do not form satellites, have 
the largest Ca-1 numbers particularly at 60 °C. The carbon ink as well as the 22 vol.-% and 
27 vol.-% ceramic inks have comparably low Ca-1 numbers, which is because of the 
comparably low surface tensions of these inks. Among these three inks the carbon ink is 
the only satellite free ink and it has the highest Ca-1 number. As a result, a high Ca-1 
number could be more suitable for achieving drop integrity when comparing inks of low 
surface tension.  
 The Oh number is similar to the Ca number by definition but the Oh number does 
not include the drop velocity term as explained in section 3.4. As mentioned before the Oh 
number is a widely accepted dimensionless number for defining a range of the formation 
of single drops. This range is basically defined as 10 > Oh-1 > 1 and at the lower limit 
viscous forces hinder the drop formation while at the upper limit formation of satellite 
drops occurs as previously explained in section 3.4. This behaviour does not agree with 
the inks ejected with the TIJ printing system, because three of the four inks forming no 
satellite drops have the highest Oh-1 values, which are beyond the above mentioned 
upper limit particularly at 60 °C (Tables 5.2-5.3). As explained in section 3.4, several 
studies adjusted the Oh-1 range for individual cases. However all studies suggest an upper 
limit of Oh-1, beyond which satellite drops occur, and a lower limit, below which the 
ejection is not possible. The results of this study are not in accordance with the drop 
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formation behaviour at both Oh-1 limits. The inks with high Oh-1 numbers did not form 
satellites whereas the inks with low Oh-1 numbers always formed satellites.  
Considering the Oh-1 numbers of the inks forming single drops (Tables 5.2-5.3) it is 
reasonable that a high Oh-1 number is favourable to achieve drop integrity. However the 
P-E ink does not form satellites but the Oh-1 number of this ink is comparable with the Oh-1 
numbers of the C-U, P-C, and P-T inks, which all form satellites, at both 20 °C and 60 °C. 
The surface tensions of the C-U, P-C, and P-T inks are lower than the surface tension of 
the P-E ink. As a result it can be concluded that high Oh-1 numbers are preferable for 
achieving the drop integrity but the Oh-1 number alone cannot be used as an indicator to 
determine if an ink forms single drops or not using the TIJ printing system.  
5.2.3. Influence of the drop volume settings on the drop integrity 
 In sections 5.2.1 and 5.2.2, a possible relation between the drop integrity and the 
ink properties as well as the dimensionless numbers was investigated. The drops 
investigated were all ejected using the “normal” drop volume setting of the printer. This 
section investigates the relation between the dot arrays of the P-E, P-U, HP45, and 
carbon inks, which form single drops, and the different drop volume settings, which are 
“lowest”, “normal”, and “highest”.  
SEM images of the dot arrays of the four inks ejected with the three different 
settings are shown in Fig.5.9. The dot sizes of the HP45 and carbon inks vary with the ink 
volume settings while the dot sizes of the P-E and P-U inks are independent of the 
settings. This could indicate that the drop volume settings are not effective in case of 
some specific inks like the P-E or P-U inks. The reason could be the comparably high ink 
densities, which are about twice the density of the HP45 ink. 
The HP45 ink does not form satellites when printed with any of the ink settings. 
Therefore any other ink compatible with the printing system should also form single drops 
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in case of all drop volume settings. In other words it should be possible to adjust the drop 
volume by altering the actuation conditions without leading to formation of satellite drops. 
The dot shapes of the single drops of the P-U, HP45, and carbon inks do not 
change with the ink volume settings; whereas the P-E ink forms satellites particularly 
when printed with the ink volume setting “highest”. This shows that the actuation 
conditions may influence the drop integrity. Therefore it could be possible to achieve drop 
integrity in case of any ink by adjusting the actuation conditions, which can be briefly 
defined as the magnitude and period of the electrical pulse sent to the heating element in 
the nozzle. It could be possible to reprogram the driver software of the printing system in 
order to achieve the drop integrity for the currently non-compatible inks.  
5.3. Three-dimensional ceramic components fabricated by DIP 
 This section shows several examples of 3Y-TZP or carbon objects fabricated by 
DIP to prove the feasibility of the DIP method for manufacturing three-dimensional 
ceramic components. Some of these objects are analysed with SEM to investigate the 
shape accuracy as well as the surface and microstructure characteristics of the DIP-
fabricated objects. The green and sintered densities of the 3Y-TZP components are 
calculated to determine the compaction amount as well as the relative density after 
sintering. Finally the compatibility between the deposited carbon and ceramic layers is 
investigated by analysing the interface by SEM.    
5.3.1. Three-dimensional demonstration objects fabricated by DIP   
 Several demonstration objects were DIP-fabricated using the developed ceramic 
and carbon inks in order to show the potential of the DIP method for producing ceramic 
components. In this section, different objects with high aspect ratios (e.g. the channel 
structures and the B3B-specimens) as well as massive objects (e.g. molar with the 
occlusal surface) are shown.  
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The massive three-dimensional objects were DIP-fabricated using the 22 vol.-% 
and 27 vol.-% ceramic inks and the carbon ink. As explained in section 5.2, these two 
ceramic inks are not suitable for ejecting single droplets. Yet, although the choice of these 
particular inks for the fabrication of the three-dimensional objects may seem to be 
contradictory, these inks satisfy several further requirements for a stable and continuous 
printing process as well as a crack-free drying of the deposited layers. Unfortunately, the 
development process of these inks cannot be revealed in detail in this thesis due to a 
confidentiality agreement with industrial partners.  
There are two main limitations of the printing system as described in section 4.2.1. 
The printing system has only one printhead (HP45) available for both carbon and ceramic 
inks. Therefore, first the supportive carbon structures were deposited. Subsequently, the 
printhead was replaced with another one, which was filled with the ceramic ink. Then the 
ceramic structure was deposited onto the carbon structure, which has a non-flat top 
surface. Due to this uneven structure, some of the ejected ceramic ink droplets needed to 
travel a longer distance until they hit the top surface of the carbon structure. Knowing that 
the printhead moves in the x-direction during the drop ejection, the longer it takes a 
droplet to reach the surface the larger would be the distance travelled in the x-direction. 
This definitely affects the deposition accuracy of the single droplets and therefore the 
shape accuracy of the fabricated objects.  
Moreover the motion of the printhead is only in the x-direction. Therefore the y-
dimension scanned by the printhead is limited to ~12.5 mm, which is the length of the 
nozzle row on the printhead. Thus the maximum y-dimension of the deposited layers is 
limited as well.  
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5.3.1.2. The 3Y-TZP components 
 Several 3Y-TZP components were fabricated using the DIP method. A green 
structure with a base (10 x 40 x ~2 mm3) and eight sinusoidal channels (wall thickness of 
~0.4 mm and height of ~2.5 mm) on top of the base is shown in Fig.5.10. This structure 
includes a comparatively massive base and walls with an aspect ratio of ~6 (= 2.5 / 0.4) 
and demonstrates that the DIP method is capable of fabricating such complex 
components. The ceramic prism next to the structure in Fig.5.10 was built due to the 
preparation of the nozzles for the fabrication of the target object. In each printing cycle a 
certain amount of ink is ejected through all nozzles before fabricating the object in order to 
pre-activate the nozzles and remove a possible viscous plug (see section 3.3.2).  
 
Fig. 5.10. Image of a green 3Y-TZP structure with a base and curved channels.  
 Fig.5.11 shows images of a green occlusal surface of a molar fabricated using the 
22 vol.-% ceramic ink. The printhead traverse direction is depicted in the images and the 
contrast of the images is increased for better observation of the surface topography. The 
images prove that the occlusal surface of a molar was successfully fabricated with the DIP 
method. One of the most frequently observed issues in colloidal processing of ceramic 
suspensions is the cracking of the components during the drying period due to the 
stresses induced by non-uniform drying shrinkage /Sch90/. After a colloidal forming 
process the pores in the component are partially filled with the liquid phase, which is 
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gradually transported to the surface. At the surface the liquid leaves the component by 
evaporation. Structures with a low aspect ratio (massive bodies) have a low amount of 
surface per unit volume and therefore the probability of fracture during the drying period is 
higher /Sch90/. Thus the DIP-fabrication of high aspect ratio structures, e.g. thin walls or 
layers or pillars, is an easier task compared to the fabrication of massive bodies like the 
molar. Therefore the occlusal surface of a molar (Fig.5.11) is an important example 
demonstrating the feasibility of fabricating massive components using the DIP method.  
 
Fig. 5.11. Images of the occlusal surface of a molar (green 3Y-TZP) printed with the 
22 vol.-% ceramic ink.  
Images of the sintered 3Y-TZP molar are shown in Fig.5.12. Isotropic linear sinter 
shrinkage of ~20% was observed. The components showed no shape deformation or 
cracking due to sintering. The objects in these images show the feasibility of the DIP 
method for fabricating 3Y-TZP components using a TIJ printing system and a 22 vol.-% 
aqueous ceramic ink.  
The model of the molar was used to fabricate two 3Y-TZP molars by using the 
22 vol.-% and 27 vol.-% ceramic inks. SEM images of both objects showing particularly 
the occlusal surfaces are given in Fig.5.13. The images show that the two different ink 
formulations were both suitable for fabricating massive ceramic components using the DIP 
method. 
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Fig. 5.12. Images of the occlusal surface of a molar (sintered 3Y-TZP) in Fig.5.11.  
   
Fig. 5.13. SEM images of the occlusal surface of a molar (sintered 3Y-TZP) printed with 
(a) the 22 vol.-% and (b) 27 vol.-% ceramic inks.  
5.3.1.2. DIP-fabricated supportive carbon structures 
Several carbon demonstration objects were also fabricated using the DIP method. 
The same structure in Fig.5.10 was also fabricated using the supportive carbon ink. This 
structure is shown in Fig.5.14. The height of the base and the channels are ~2 mm and 
~1.5 mm, respectively. The wall thickness of the channels is ~0.4 mm. No shape 
deformation or cracking due to drying is present. This structure demonstrates the 
feasibility of generating supportive carbon structures with the DIP method.  
The objective of developing the supportive carbon ink was the DIP-fabrication of a 
framework of a dental bridge model. One of the main challenges in fabricating such a 
structure is the realisation of the bottom topography of the framework. A possible solution 
is to use a base, which can be removed by a heat treatment. A DIP-fabricated carbon 
(a)                                                       (b) 
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base reflecting the bottom topography of the framework structure is shown in Fig.5.15. 
This object demonstrates the feasibility of fabricating massive carbon objects by DIP.  
 
Fig. 5.14. Image of a carbon structure with a base and curved channels.  
 
Fig. 5.15. Image of a DIP-fabricated supportive carbon base to manufacture the framework 
of a dental bridge.  
     
Fig. 5.16. Image of DIP-fabricated carbon structures as the mould of the occlusal surface 
of the molar. 
A further DIP-fabricated demonstration object was the negative of the occlusal 
surface of the molar in Figs.5.11-5.13. Three examples of such structures are shown in 
Fig.5.16. The structures in this image have shiny surfaces, where larger cross sections 
were deposited. This could indicate to an insufficient drying rate during the DIP deposition. 
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In addition cracks due to drying are present in the corresponding occlusal surfaces. The 
structures in this image demonstrate the importance of optimised drying rate in order to 
avoid cracking during the drying period of the deposited layers. 
5.3.2. Shape accuracy of the objects and the printing resolution 
The HP45 printhead provides a spatial resolution of 600 dpi in the y-direction as 
explained in section 4.2.1. The dot size in case of 600 dpi is ~42 µm, which is equal to 
1 inch divided by 600. However the dots of the HP45 ink are larger than ~42 µm. The 
minimum diameter of the dots of single droplets is ~70 µm (Fig.5.8e) in case of the 
ceramic inks. If the dots are larger than 42 µm, the drops would be deposited on top of 
each other, which definitely would not contribute to the deposition accuracy. In addition 
there are several further factors influencing the shape accuracy of the fabricated 
components. The physical ink properties as well as the hardware and software 
configurations of the printing system affect the ejection and drop characteristics, the 
spreading and splashing behaviour of the drops upon substrate impact, and the 
deformation or distortion behaviour of the deposited layers during drying.  
 To investigate the precision achieved by the DIP process the accuracy and surface 
characteristics of the deposited patterns and components were examined by SEM. The 
SEM images of a structure with concentric stars are shown in Fig.5.17. The image on the 
left shows a top view and the image on the right shows the structure with a tilt angle of 
~30°. As explained in section 4.3.2, the 24 vol.-% P-E ink was deposited in the absence of 
any additional subsystems for cleaning the printhead and enhancing the drying. 
 According to the SEM images in Fig.5.17 the following conclusions can be drawn: 
? On the right, next to the deposited structures a white shadow of secondary or 
satellite droplets can be seen. Because these are only on the right side it can be 
concluded that they had a lower ejection velocity and travelled a longer distance in the 
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printhead traverse direction and were therefore positioned behind the target. As 
mentioned in section 5.2, the P-E ink does not form any satellites when it is printed with 
the normal ink volume settings (Fig.5.8). However, as the highest ink volume setting was 
used for the fabrication of this structure, a satellite formation was observed (Fig.5.9).  
     
Fig. 5.17. SEM images of a DIP-fabricated green 3Y-TZP structure with concentric stars 
using the 24 vol.-% P-E ink. 
? The size of the small stars was set to 1.3 x 1.3 mm2. The realised size of the 
deposited small stars was ~1350 µm, which is 50 µm (~4%) larger than the set value of 
1300 µm. This shows that the deposition on the x-y plane is accurate taking into account 
that a single drop of the P-E ink forms a dot with a diameter of ~70 µm (Fig.5.8). The 
reason of the ~50 µm inaccuracy can depend on the spreading of the first deposited ink 
layer on the non-porous substrate. 
? The line thickness of the larger stars was set to ¼ pt (~90 µm) in the MS Word® 
input document. It is practically not possible to deposit a perfect line of this size using 
~70 µm sized dots. Therefore such lines should be converted to lines of minimum 
thickness by the software. As a result the stars were deposited with a wall thickness 
varying between ~150 µm to ~250 µm. The walls are comparably thicker when the angle 
between the wall and the printhead traverse direction is < 45°. The thinnest walls are 
almost perpendicular to the printing direction. This indicates that the printing resolution in 
the x-direction is higher than the printing resolution in the y-direction. Printing with a 
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resolution of 600 x 300 dpi instead of 600 x 600 dpi is in fact a common approach in 
graphic imaging for minimising the ink consumption /Boh94b/.  
Other DIP-fabricated objects were also investigated by SEM. In Fig.5.18 SEM 
images of a sintered molar, which was DIP-fabricated using the 22 vol.-% ink, are given. 
In this case the printhead cleaning and the drying enhancing subsystems were active 
during deposition. As seen in the SEM images the occlusal surface of the tooth shows a 
high precision. The individual cross sections deposited on top of each other are visible in 
forms of terraces. A comparison of these SEM images with the SEM images in Fig.5.17 
shows the importance of rapid drying on the accuracy of the fabricated components in 
Fig.5.18. It can be concluded that the shape accuracy can be considerably improved by 
enhancing the drying kinetics of the deposited layers. 
     
Fig. 5.18. SEM images of a DIP-fabricated sintered 3Y-TZP molar (22 vol.-% ink). 
The surface of the objects in Fig.5.18 reveals linear marks parallel to the printhead 
traverse direction (x-direction). The distance between two neighbouring lines is ~70 µm. If 
a linear sinter-shrinkage of 20% is calculated the distance in the green state is ~85 µm, 
which is equal to 1/300th of 1 inch. This indicates that the printing resolution in the y-
direction could be exactly 300 dpi. There are no comparable linear marks, which are 
perpendicular to the printhead traverse direction. This supports that the printing resolution 
in the x-direction is higher than 300 dpi. Taking into account that the minimum dot size of 
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a single drop is ~70 µm (Figs.5.8- 5.9) it can be concluded that the drops are deposited in 
an overlapping manner to achieve a resolution higher than ~365 dpi, which is equal to one 
inch divided by the drop diameter. 
    The SEM images in Fig.5.19 show the typical surface of a green DIP-fabricated 
object whose drying process was accelerated using a drying enhancement subsystem as 
explained in section 4.2.2. The linear marks parallel to the printhead traverse direction 
similar to the marks in Fig.5.18 are also present. The SEM images show that the 
components are free of macro and micro sized drying cracks. The surface is uniform and 
reveals a certain roughness due to the reliefs of the individual primary drops and the 
smaller secondary droplets. This roughness can be explained by the accelerated drying 
rate of the deposited layers. The drops dry rapidly before a flat and uniform surface can 
be formed.   
 
Fig. 5.19. SEM images of the surface of a DIP-fabricated green 3Y-TZP specimen.  
The SEM images in Fig.5.20 show the DIP-fabricated carbon molar and a detailed 
image of the occlusal surface. The linear marks parallel to the printhead traverse direction 
are also visible but are not as obvious as in 3Y-TZP components. The surface appears to 
be smoother than the surface of the 3Y-TZP components. This can be explained with the 
different drying rate of the deposited layers of the supportive carbon ink, which has a solid 
content of ~13.5 vol.-%. These images demonstrate that precisely shaped supportive 
carbon structures with good surface properties can be fabricated using the DIP method. 
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Fig. 5.20. SEM images of a DIP-fabricated carbon molar. 
                                     
5.3.3. The density and sintering shrinkage of the 3Y-TZP components  
 The green and sintered densities of the components fabricated with the 22 vol.-% 
and 27 vol.-% ceramic inks as well as the slip cast samples were determined according to 
the buoyancy principle as explained in section 4.3.2. The density of the carbon structures 
could not be calculated because they were not stable in water or oil. 
 The components fabricated with the 22 vol.-% ink revealed a green density of 
~3 g·cm-3, which corresponds to the ~50% of the density of the theoretical density of the 
3Y-TZP material (6.05 g·cm-3). Linear sinter shrinkage of ~20% was observed in the x, y, 
and z directions. The sintered components had a density of ~6 g·cm-3, which corresponds 
to the ~99% of the theoretical 3Y-TZP density.   
 The green density of the components fabricated with the 27 vol.-% ink was 
~3.1 g·cm-3. This is equal to the ~51% of the theoretical 3Y-TZP density. The linear sinter 
shrinkage was also ~20% in all directions. The final density after sintering was ~5.9 g·cm-3 
corresponding to the ~97% of the theoretical density. 
 The slip cast specimens were also characterised in terms of density and 
shrinkage. The green density was ~3.1 g·cm-3, which is the ~51% of the theoretical 3Y-
TZP density. The shrinkage was ~19.5% and the final density was ~5.9 g·cm-3 
corresponding to ~98% of the theoretical 3Y-TZP density. 
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 Considering the individual density and shrinkage values of the components 
fabricated by DIP using the 22 vol.-% or 27 vol.-% inks and the slip cast reference sample, 
it can be concluded that the green compacts had ~50% of the theoretical density. The 
relative density was increased to ~97-98% after sintering and an isotropic linear sintering 
shrinkage of ~20% was observed. 
5.3.4. Microstructure of DIP-fabricated objects and the carbon 3Y-TZP interface 
 DIP-fabrication of complex shaped ceramic components using a fugitive supportive 
ink is in fact not a trivial concept. The two different inks may react or interact with each 
other during deposition or sintering resulting in a degradation of the final component. In 
this study, both ceramic and carbon inks were water based and therefore miscible with 
each other. But the inks were jetted one after another by exchanging the printheads. 
Therefore when the ceramic ink was deposited, the carbon deposits were already 
solidified and vice versa. This prevented a possible contamination due to the mixing of two 
liquid ink phases with each other and a possible deformation of the interface. SEM images 
of the interface between the carbon and ceramic deposits are shown in Fig.5.21. The first 
two images show a fracture surface of the interface. A clear separation of the two phases 
is observed. In case of the last image the boundary was prepared using a scalpel. As 
seen in the last image the carbon and ceramic phases are clearly separated. The images 
demonstrate that there was no interaction between the deposits of both inks during the 
DIP process. 
The carbon support functions like a mould when the ceramic is deposited onto it. If 
the supportive structure reveals defects or cracks on the surface, the defective topology 
will directly influence the ceramic component. Therefore the surface of the ceramic 
component can only be as good as the surface of the carbon support. A carbon support 
for fabricating the occlusal surface of the molar is shown in Fig.5.16. This supportive 
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structure revealed fine cracks on the occlusal surface as mentioned in section 5.3.1.2. 
During ceramic deposition the cracks were filled with the ceramic ink as shown in 
Fig.5.22. The marks on the occlusal surface of the ceramic tooth are observed in both 
macroscopic and SEM images in Fig.5.22. This object is a good example demonstrating 
the importance of the surface quality and shape accuracy of the carbon support.  
  
Fig. 5.21. SEM images of the carbon ceramic (3Y-TZP) interface. 
   
Fig. 5.22. Top view of the occlusal surface of the molar deposited onto a carbon support 
(Fig.5.16) and an SEM image of the occlusal surface. 
 Another object fabricated using a carbon support was a framework of a dental 
bridge. The supportive carbon structure and the sintered framework are shown in 
Fig.5.23. The ceramic framework is a reproduction of the model in Fig.4.3 and it is free of 
drying and sintering cracks. This object demonstrates the potentials of the DIP method for 
the fabrication of dental prostheses. The framework was deposited upside down so that 
the top surface of the framework model was in contact with the supportive structure. Both 
of the contacting surfaces of carbon and ceramic are shown in Fig.5.23. The carbon 
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structure is not perfect and it includes a defect on the right interconnector. It is a round 
spot, which is higher than its surrounding. This defect is definitely related to the DIP 
process and the origin of it may be a contaminating particle (e.g. a piece of textile fibre) or 
a drying defect like a bubble, which was covered with ink during subsequent deposition 
steps. The DIP-fabricated objects in Figs.5.22-5.23 show the importance of the accuracy 
of the supportive structure. 
   
Fig. 5.23. The supportive carbon structure and the sintered dental bridge framework 
fabricated using the support. 
The SEM images in Fig.5.24 show the surface of a sintered ceramic component, 
which was fabricated using a carbon support. The surface in the images was in contact 
with the support during deposition. The carbon was completely removed during sintering. 
It can be seen that even the reliefs of the single drops on the surface of the carbon 
support were transferred to the surface of the ceramic. This example shows once more 
the importance of the surface quality of the carbon support. The microstructure of the 
ceramic surface is shown in the SEM image on the right hand side in Fig.5.24. The grain 
size seems to be below 1 µm, which is comparable to the grain size on a carbon free 
surface. 
The carbon is removed by a heat treatment  as explained in section 4.4. This 
process may act as an additional heat source during sintering because of the exothermic 
character of the carbon combustion reaction. In such a case the ceramic carbon interface 
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could be locally exposed to higher temperatures. This could influence the grain growth in 
the vicinity of the interface and results in a non-uniform microstructure of the ceramic 
object /Kan05, Sal06/. The SEM images in Fig.5.25 show the surface of a sintered 
ceramic object at two sides of the object. The surface in Fig.5.25a was not in contact with 
a carbon support whereas the surface in Fig.5.25b was in contact with a carbon support 
during sintering. The grain size on both surfaces is smaller than 1 µm. No significant 
difference in terms of grain size or shape is present in both cases. Therefore it can be 
concluded that co-sintering of 3Y-TZP with carbon do not lead to microstructural changes 
in the 3Y-TZP component. 
   
Fig. 5.24. SEM images of a sintered ceramic surface at a carbon ceramic interface.  
    
Fig. 5.25. SEM images of the surface of sintered ceramic component (a) without and 
(b) with contact to a carbon support.  
 The SEM image in Fig.5.26 shows the surface of a DIP-fabricated carbon 
structure. The carbon particles are smaller than 2 µm, which is in consistence with the 
particle size in the TEM image in Fig.4.2.  
  
120 
  
   
Fig. 5.26. SEM image of the surface of a DIP-fabricated carbon structure.  
5.4. Mechanical characteristics of the DIP-fabricated components 
 The flexural strength of the DIP-fabricated 3Y-TZP samples was determined by 
4PB and B3B tests. Bending bars and B3B-specimens were DIP-fabricated and tested 
accordingly. Slip cast and HIP-fabricated reference samples were tested, as well. The 
fracture strength of the specimens was evaluated using Weibull statistics and a 
fractographic analysis of the fracture surfaces of all types of samples was performed to 
characterise the typical defects.  
5.4.1. Results of the four-point bending (4PB) tests 
 The 4PB test was used to determine the flexural strength of a DIP-fabricated 
sample of 34 specimens (N = 34) as well as a slip cast sample of 10 specimens (N = 10). 
Examples of the DIP-fabricated bending specimens are shown in Fig.5.27.    
   
Fig. 5.27. DIP-fabricated bending specimens (sintered, ground, and polished for 4PB test).  
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 The dimensions and the resulting effective volume of the slip cast specimens were 
larger than the DIP-fabricated specimens. Therefore the Eqs.4.8 and 4.9 were used to 
scale the measured strength of the slip cast specimens for the dimensions of the DIP-
fabricated specimens. The Weibull plots showing the strength distribution of all specimens 
of both samples are depicted in Fig.5.28.  
   
Fig. 5.28. Weibull plots showing the strength distribution of the DIP-fabricated and slip cast 
(scaled) samples.  
The characteristic strength of the DIP-fabricated specimens, ?0,DIP, was 839 MPa 
with a 95% confidence interval of [754–931]. The biased Weibull modulus of the DIP-
fabricated specimens, mDIP, was equal to 3.8 with a 95% confidence interval of [2.7–4.8]. 
The unbiased Weibull modulus, mDIP,unbiased, was equal to 3.6.  
The scaled characteristic strength of the slip cast specimens, ?0,slip, was 687 MPa. 
The 95% confidence interval was [600–790]. The original characteristic strength of the slip 
cast specimens without scaling was 613 MPa with a 95% confidence interval of [535–
706]. The scaling has no influence on the Weibull modulus. The biased Weibull modulus 
of the slip cast specimens, mslip, was equal to 6.2 and the 95% confidence interval was 
[3.0–9.2]. The unbiased Weibull modulus, mslip,unbiased, was equal to 5.4. 
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The Weibull plot of the DIP-fabricated specimens in Fig.5.28 appears to be a 
combination of three groups of specimens with different fracture strength distributions. 
The first group contains 14 specimens (N = 14) with fracture strength values from 
~400 MPa to ~600 MPa. In the second group there are 11 specimens (N = 11) with 
fracture strength values of ~700 MPa to ~850 MPa. The remaining 9 specimens (N = 9) 
forming the third group have fracture strength values of ~1000 MPa to ~1200 MPa. 
Individual Weibull probability plots of the three groups are shown in Fig.5.29. The 
characteristic strengths of each group with 95% confidence intervals are found as 
?0,DIP1 = 556 MPa [515–600], ?0,DIP2 = 811 MPa [773–852], and ?0,DIP3 = 1108 MPa [1063–
1157]. The Weibull moduli of the groups with 95% confidence intervals are mDIP1 = 8.9 [5–
12.6], mDIP2 = 16.4 [8.3–23.9], and mDIP3 = 22.2 [10.1–33.3]. The unbiased Weibull moduli 
are mDIP1,unbiased = 8.0, mDIP2,unbiased = 14.3, and mDIP3,unbiased = 18.7. 
 
Fig. 5.29. Weibull plots showing the strength distributions of the three groups of DIP-
fabricated samples.  
 The coexistence of several fracture strength distributions in the Weibull plot of the 
DIP-fabricated specimens can be explained by different types of critical defects leading to 
fracture. In order to investigate the critical defects, the fracture surfaces of the bending 
specimens were analysed by SEM. Fig.5.30 shows the SEM images of the fracture 
surfaces of representative specimens from each group. In all SEM images in Fig.5.30, the 
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printhead traverse direction (x-direction) is perpendicular to the image plane. The 
specimen in Figs.5.30(a)-(b) revealed a fracture strength of 542 MPa and thus it belongs 
to the first strength group. In general the microstructure is uniform and free of porosity; 
however two different defects can be observed. The linear defect on the left hand side of 
the images (a) and (b) is in fact a planar defect (x-z plane), which was caused by a non-
functioning nozzle. The other comparably large defect is a void, which can be explained 
by a few neighbouring nozzles malfunctioning for a short period of time. After the short 
period the nozzles were functioning again and the gap was partially filled with ink leaving 
a void in the structure. Although the defects are of different size and origin, both types of 
defects are definitely process related and can be eliminated by optimising the DIP-
process. The specimen shown in Fig.5.30(c) has fracture a strength of 822 MPa and it is a  
 
Fig. 5.30. SEM images of the fracture surfaces of DIP-fabricated specimens with fracture 
strength values of (a) and (b) 542 MPa, (c) 822 MPa, and (d) 1097 MPa.  
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specimen from the second group. The SEM image of the fracture surface has only the 
planar (x-z plane) process related defect, which also exists in the specimen in Fig.5.30(a)-
(b), and there is no void-like defect. The specimen shown in Fig.5.30(d) has a fracture 
strength of 1097 MPa and it belongs to the third group. The microstructure of this 
specimen is uniform and there are no defects in the fracture surface. To sum up, 
representative specimens from each group show different types of defects in the fracture 
surface as shown in Fig.5.30. Thus the three different strength distributions of these three 
groups could be a result of the different types of defects.     
 SEM analysis of the fracture surfaces of the slip cast specimens showed that in 
most cases a spherical volume defect was the trigger of the fracture. Therefore the scaling 
(Eqs.4.8 and 4.9) of the individual fracture stress values was performed based on the 
effective volume, Veff, instead of the effective surface, Seff, of the specimens /Qui03b/. 
SEM images of the fracture surface of a slip cast specimen are shown in Fig.5.31. The 
shape of the defect of the specimen in Fig.5.31 can be considered as representative for 
the whole sample, although the defects were not at the surface in majority of the cases. A 
spherical defect with a diameter of ~100 µm is visible on the surface of the specimen in 
Fig.5.31. The origin of the defect could be a trapped air bubble during the slip casting 
process. Defects of this size could explain the lower strength of the slip cast specimens. 
  
Fig. 5.31. SEM images of the fracture surface of a slip cast specimen with a scaled 
fracture strength of 588 MPa.  
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5.4.2. Results of the ball-on-three-balls (B3B) tests 
 Also the B3B test was used to determine the flexural strength of DIP-fabricated 
components. A sample of testing specimens (N = 21) was DIP-fabricated and a reference 
sample (N = 31) was prepared by hard machining of commercial HIP-fabricated blocks. 
The DIP-fabricated testing specimens are shown in Fig.5.32. The specimens of both 
samples were of identical dimensions and therefore it is possible to compare the strength 
values of both samples with each other.  
   
Fig. 5.32. DIP-fabricated specimens for the B3B test (sintered).  
During the DIP-fabrication of the B3B specimens the drying enhancing subsystem 
was only partially active. The deposited layers were heated during the DIP process and 
the axial fan was not used. As a result the top surfaces of the specimens were smoother 
compared to the SEM images in Fig.5.19. The SEM images of the top surface of the 
specimens are given in Fig.5.33. The specimens were tested as sintered without further 
machining and the top surface, which is the smoother surface, was loaded during testing.  
   
Fig. 5.33. SEM images of the top surface of the DIP-fabricated platelets (sintered).  
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There are less surface defects of critical size on a smooth surface and therefore a 
comparably high strength can be obtained. 
The Weibull plots showing the strength distribution of the specimens of both 
samples are depicted in Fig.5.34. The characteristic strength of the DIP-fabricated 
sample, ?0,DIP, was determined as 1390 MPa with a 95% confidence interval of [1329–
1452]. The Weibull modulus (biased) of the DIP-fabricated sample, mDIP, was equal to 
12.0 with a 95% confidence interval of [7.7–16.0]. The unbiased Weibull modulus, 
mDIP,unbiased, was calculated as 11.2. 
    
Fig. 5.34. Weibull plots showing the strength distribution of the DIP and HIP samples.  
 The characteristic strength of the HIP-fabricated specimens, ?0,HIP, was equal to 
1010 MPa with a 95% confidence interval of [982–1039]. The biased Weibull modulus, 
mHIP, was 14.9 with a 95% confidence interval of [10.5–19.1]. The unbiased Weibull 
modulus, mHIP,unbiased, was 14.3. 
The SEM images of the fracture surface of DIP and HIP-fabricated specimens are 
given in Figs.5.35-5.36, respectively. The results of the SEM analysis show the 
differences in the fracture surfaces of both samples. The fracture surfaces of both of the 
specimens in Figs.5.35-5.36 are representable for the whole samples. The fracture 
surface of the DIP-fabricated specimens was uniform and free of pores or process related 
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defects. As a result the uneven structures on the top surface of the specimens appeared 
as critical defects. In Fig.5.35, the fracture mirror shows that the fracture was originated 
from an uneven structure on the top surface of the specimen.  
     
Fig. 5.35. SEM images of the fracture surface of a DIP-fabricated B3B specimen.  
On the contrary the fracture surfaces of the HIP-fabricated specimens revealed 
uniformly distributed pores of irregular shapes (max. size of ~10 µm) and dark coloured 
particles or agglomerates (max. size of ~5 µm) as shown in Fig.5.36. The origin of the 
fracture could not be precisely detected in Fig.5.36 because no obvious fracture mirror is 
present. But a single microstructural defect or a combination of closely located several 
defects could have acted as the critical defect triggering fracture.  
     
Fig. 5.36. SEM images of the fracture surface of a HIP-fabricated specimen.  
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6. Discussion 
This chapter discusses the results and achievements of this study. The most 
challenging aspects of this study can be categorised in the following subgroups: (a) the 
development and characteristics of the ceramic and carbon inks, (b) the printing system 
and procedure as well as the deposition process, (c) the drop ejection and formation 
mechanisms and their relations with ink properties as well as the dimensionless numbers, 
(d) challenges in the sintering process, and (e) the characteristics of the DIP-fabricated 
components. These aspects are not mutually exclusive instead they are interrelated. 
However for the sake of clarity, a separate discussion of each point is provided below. 
6.1. Development and characteristics of the inks 
 Contrary to the majority of the similar studies on PIJ ejection of particle loaded inks 
/Lej09, Mot99b, Nog05, Rei05b, See01a, Wan05a, Zha02a/ a TIJ printing system was 
used in this study. Typical TIJ inks are designed for graphic imaging applications. The 
challenges in the field of graphic imaging are completely different than the challenges in 
the DIP method for generating three-dimensional components. Therefore the formulation 
and design of both types of inks are significantly different. Although the inks must contain 
certain types of additives to provide a stable jettability, the rest of the functional additives 
to satisfy the requirements after deposition such as wetting and drying are totally different. 
Moreover typical TIJ inks contain very low amounts of solid particles or are even free of 
particles (see Tables 3.3-3.4) whereas the solid content of the DIP inks must be as high 
as possible for effective deposition. These particles should not lead to clogging of the 
nozzles or ink channels and should not agglomerate or even build deposits due to the 
interaction with the heating elements in the nozzles.  
A further challenge of this study was the limited availability of information about the 
composition of the TIJ inks. Even in case of commercial TIJ inks used in the field of 
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graphic imaging the ink composition was only partially available and the functional 
additives were kept secret by referring them as “trade secret organic materials” (see 
Table 3.4). Moreover almost all of the research on ejection of particulate inks was 
performed using PIJ printing systems. The PIJ inks are usually not printable using TIJ 
systems due to the significantly different ink composition and properties. Therefore the 
information on PIJ inks and PIJ printers was also not very useful. Furthermore the few 
publications concerning TIJ printing of particulate inks were focused on either the 
principals of printability or the generation of two-dimensional patterns using inks with 
comparably low solid contents as described in section 3.5. 
For the design and development of the DIP inks only two main requirements were 
considered. The ink had to be aqueous and the solid content had to be as high as 
possible. Further trivial requirements of particle size and viscosity were also satisfied for 
all inks developed. The ink composition was optimised by adjusting the type and amount 
of several functional additives in order to ensure a stable and continuous ejection as well 
as a fast and crack free drying of the deposited layers. As a result this study proved the 
feasibility of the fabrication of three-dimensional ceramic components by the DIP method 
using a TIJ printing system. Of course there are still several issues to be further optimised 
concerning the ink composition. Some of the most important issues are discussed in the 
following paragraphs. 
In this study, attrition milled aqueous powder slurries with 40 vol.-% solid content 
were constantly agitated by rolling and the ink was prepared from these slurries just 
before the DIP process. The cartridge was filled with the ink and it was used for maximum 
8 hours. Afterwards the cartridge was emptied and the rest ink was no more used. The 
shelf life characteristics of the inks were not investigated in this study. Considering that 
the capacity of the cartridge is ~40 cm3 and only ~10 cm3 of this amount is the ceramic 
powder, it is not necessary to optimise the long term ink stability in case of such small ink 
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amounts for the given printing system. The shelf life considerations would be relevant in 
case of cartridges with higher capacity or a centralised ink reservoir serving several 
cartridges. 
The inks were decided to be developed on aqueous basis due to health and 
environmental considerations, simplicity, and the compatibility of the cartridge with 
aqueous inks (e.g. the HP45 ink). Similarly, inks based on further volatile solvents could 
be developed. In case of using solvents of high vapour pressure the drying of the 
deposited layers could be faster and the resulting drying stresses could be lower. 
Moreover faster printing rates can be applied. Using such hazardous solvents as the ink 
medium was not a choice in a university laboratory for the investigated materials but it 
could be considered for industrial applications or for materials, which cannot be dispersed 
in aqueous solutions. 
The DIP inks were prepared using only functional additives in liquid state. During 
the ink development phase several solid organic additives were dissolved in water and 
used as functional additives. Several inks with solid additives were prepared and ejected. 
However when the ceramic ink containing dissolved urea as a functional additive was 
deposited, organic crystallites were detected in the deposited layers after drying as shown 
in Fig.6.1. Therefore no solid additives were used in the ink formulation in order to avoid 
the formation of such crystallite structures. 
The aqueous 40 vol.-% suspensions, which were used to prepare the ceramic 
inks, were prepared and homogenised by attrition milling. During the ink development the 
rotary dispersing tool, which is used for homogenising the ceramic inks, was used to 
prepare the ceramic inks directly by mixing all components together. Inks of same 
composition had a higher viscosity and larger mean particle size values when prepared 
with the rotary dispersing tool instead of attrition milling. The printing experiments using 
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such inks showed that the nozzle clogging tendency was comparably higher. This proves 
that the mean particle size or the size of the agglomerates is of crucial importance for a 
stable and continuous printing process. In case of using printheads with smaller nozzle 
diameters it may be necessary to homogenise the inks more intensively to break all 
particle agglomerates and minimise the mean particle size. Attrition milling of the 3Y-TZP 
particles resulted in a d50 value of ~300 nm. According to the manufacturer’s datasheet 
the primary crystallite size of the ceramic powder is 36 nm. By using smaller milling beads 
or high energy milling systems the mean particle size of the inks could be further reduced. 
  
Fig. 6.1. SEM image of the surface of dry deposited layer of a ceramic ink containing an 
aqueous solution of urea as a functional additive.  
Also the viscosity and surface tension of all inks were determined at both 20 °C 
and 60 °C. The results of this study are not appropriate to define upper and lower limits for 
the viscosity or surface tension to describe the printability behaviour. The viscosity of the 
HP45 ink was lower than the viscosities of the carbon and ceramic inks whereas the 
surface tension of the HP45 ink was similar to the surface tensions of the prepared DIP 
inks. Thus it cannot be concluded whether the DIP inks were forming single drops or not 
simply because of their viscosity or surface tension values. The influence of the ink 
properties on drop integrity are discussed in section 6.3. 
It was not possible to deposit ceramic and carbon inks simultaneously because the 
printing system had only one HP45 printhead. Both ceramic and carbon inks are aqueous 
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based which means that the inks are miscible with each other. Therefore in case of a 
simultaneous deposition of the inks using two separate printheads the deposited layers of 
both inks could mix with each other resulting in contamination and loss of accuracy. This 
must be considered when a multi-printhead printing system is utilised. In order to avoid a 
mixing of inks the latter layer can be deposited with a delay allowing the already deposited 
former layer to solidify. 
6.2. The printing system and procedure 
 The printing system used for the DIP experiments was a modified desktop printer, 
which is originally designed and developed for graphic imaging applications. The 
characteristics of the printing system and the modifications realised are explained in 
sections 3.3.1 and 4.2 in detail. After the realisation of the required modifications the 
printing system proved to be feasible for manufacturing three-dimensional ceramic and 
carbon objects as shown by the DIP-fabricated demonstration objects in section 5.3.1. 
However the printing system used in this study is still not an optimum system, which can 
be used for the DIP of high solid content ceramic inks. All of the modifications were done 
on the hardware level and they were either the integration of further subsystems or the 
removal of existing subsystems instead of optimising the printhead, which is the essential 
part of the whole printing system. Moreover the software was not modified and the original 
driver software was used for the DIP experiments. This section explains and discusses 
further potential improvements for the development of both hardware and software 
components of the DIP system.  
The printing system used has only a single appropriate printhead (HP45) and 
therefore simultaneous multi-material deposition is not possible. The absence of further 
printheads is one of the major hardware limitations of the printing system. Further 
improvement of the given system should consider the integration of further identical 
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printheads in order to realise the fabrication of multi-material components. Demonstration 
objects of ceramic and carbon (e.g. the objects in Figs.5.22-5.23) were DIP-fabricated by 
substituting printheads containing ceramic and carbon inks. However it is not practical to 
replace a printhead containing ceramic ink with a printhead containing carbon ink and to 
continue to the printing process. The complete printhead cleaning subsystem also has to 
be substituted or cleaned in each printhead-changeover to avoid the contamination of the 
deposited layers due to the residual ink left on the cleaning system. Therefore the design 
of a multi-printhead printing system should consider a printhead cleaning system, which is 
able to differentiate printheads with different inks and clean them separately.  
The motion of the printheads of the desktop printers is typically only in the x-
direction and the paper is fed in the y-direction to print a whole page line by line. The 
printhead of the printing system used also moves only in the x-direction during printing. 
The unavailability of a second direction (y-direction) for the printhead motion is a further 
major hardware limitation of the used printing system. Thus an area with x and y 
dimensions cannot be scanned by the printhead and the width (y-dimension) of the 
printable area is limited by the length of the nozzle row, which is called as the swath of the 
printhead. As a result the dimensions of the deposited components are limited as well. 
This also lowers the fabrication rate because the number of components, which can be 
fabricated simultaneously, is limited due to the small size of the printable area. The 
introduction of a second printing direction (y-direction) would also have an indirect 
influence on the fabrication rate. In the current printing system the printhead cannot be 
100% utilised because it is idle during the drying period of the deposited layer but in case 
of printing a large area a deposited layer would have sufficient drying time during the 
deposition of further layers. As a result the printhead would be 100% utilised and the 
fabrication rate would be increased. Because of these reasons the further improvement of 
a DIP system should consider the printhead-movement in both x and y axes. Alternatively 
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the substrate can be moved (y-direction) as the printhead prints on a single direction (x-
direction). This would also be a solution for the above mentioned shortcomings.  
The printer, especially the printheads (HP45) of the printing system, used in this 
study is originally designed for ejecting the original HP45 ink. Although the ceramic and 
carbon inks were also aqueous like the original HP45 ink and had comparable physical 
properties, the compatibility of the developed inks with all components of the printer could 
not be always realised. In fact the inks were generally compatible with the printhead-
components and drops were successfully ejected. However the analysis of several 
printheads, which were used for the ejection of the carbon and ceramic inks, showed that 
kogation deposits were formed on the resistor elements (Fig.6.2). Kogation and its effects 
on the printing process are explained in section 3.2.2.2. Kogation deposits can be 
observed in both SEM images in Fig.6.2 although the printheads were cleaned 
ultrasonically prior to the SEM analysis. This shows that both ceramic and carbon inks 
result in formation of kogation deposits, which firmly adhere to the resistor surface. The 
further improvement of a DIP printing system must consider the protection of the resistors 
from kogation. This could be realised by either coating the resistors with an anti-adhesion 
layer or optimising the ink formulation by using anti-kogation agents. 
   
Fig. 6.2. SEM images of the kogation deposits at the resistors of HP45 printheads after 
ejecting (a) ceramic and (b) carbon inks.  
(a)                                                     (b) 
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Another example of the kogation deposits is given in Fig.6.3. Here, SEM images of 
the kogation deposits of the 22 vol.-% ceramic ink are shown. An energy-dispersive X-ray 
spectroscopy (EDX) analysis (ISIS 300, Oxford Instruments, UK) of these deposits 
showed that the deposits are composed of ~10 at.-% Zr, ~57 at.-% O, ~12 at.-% Ta, 
~7 at.-% Na, ~4 at.-% K, and ~9 at.-% Cl. The resistor is plated with Ta and the ink 
contains Zr and O, but Na, K, and Cl are actually not included in the ink formulation and 
thus these must be contaminants. This finding shows not only the importance of using 
high purity ink components but also the role of the chelating agents to protect the resistors 
from kogation. As explained in section 3.3.4.3, the chelating agents bind to the metal ions 
and suppress the formation and deposition of metal salts. According to the EDX analysis 
the deposits contain Na and K, which are probably included in the aqueous medium as 
metal ions. Therefore an optimisation of the ink formulation by adding chelating or anti-
kogation agents instead of plating the resistor surface could avoid the formation of 
kogation deposits. 
          
Fig. 6.3. SEM images of the kogation deposits at the resistors of an HP45 printhead after 
the ejection of the 22 vol.-% ceramic ink.  
One of the major modifications of the printer is the replacement of the original 
service station, which is designed for the maintenance of the nozzles at the printhead, 
with a printhead cleaning system as explained in section 4.2.2. This cleaning system 
ensures a stable and continuous ejection of the inks to fabricate three-dimensional 
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ceramic components by DIP as shown in section 5.3. In fact this system only provides 
maintenance of the nozzles by continuously cleaning them and thus is preventive against 
clogging. Moreover the cleaning action is applied to all of the nozzles in every contact. 
Therefore the cleaning system integrated to the printer cannot be regarded as a typical 
cleaning system, which recognises and repairs each malfunctioning nozzle individually. 
Further improvement of a DIP system can be realised by developing and integrating a 
selective cleaning system, which can separately clean each nozzle when necessary. The 
nozzles can be cleaned by externally applied pressurised purging or by ultrasonic 
treatment. Using the same ink as the cleaning fluid prevents a contamination or dilution of 
the ink to be ejected. Moreover as mentioned before, in case of multi-printhead systems 
the cleaning system must be applicable to each printhead separately to avoid the 
contamination of the different inks in the different printheads.  
Last but not least the printhead can be redesigned to optimise the DIP process for 
a specific ink. The size of the nozzle can be reduced for generating drops of low volume 
or the ratio between the resistor area and the nozzle area can be manipulated to optimise 
the drop velocity. Reducing the spacing between adjacent nozzles would increase the 
spatial resolution. Such structural changes in the printhead design should definitely be 
considered to realise an optimum DIP process for a given specific ink. However such 
discussions on the structural optimisation of the printer hardware are beyond the scope of 
this thesis.  
The improvement and optimisation of the hardware components are definitely 
important for developing a reliable DIP system. However a DIP system with perfectly 
optimised hardware would not operate properly without the appropriate software. Besides 
improving the software could enable stable and reliable operation even for a printing 
system with non-optimum hardware. As mentioned above only hardware modifications, 
which are inevitable for a DIP process (e.g. drying the deposited layers or lowering the 
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substrate), were realised whereas the standard driver software of the HP DeskJet printer 
was used in this study. Therefore the printer applies the same ejection parameters to the 
developed ceramic and carbon inks as if these were the original ink (HP45) of the printer. 
Because of this reason the physical properties of the developed inks must be similar to 
the properties of the HP45 ink, which means that the prepared inks must satisfy several 
predetermined requirements of the printing system. For example, the ink viscosity must be 
in the same range with the viscosity of the HP45 ink and therefore the solid content of the 
inks cannot be extremely increased although a high solid content favours both deposition 
rate and the dynamics of drying. Therefore the development of suitable software is an 
inevitable step for the further improvement of the DIP system. The ejection characteristics 
of any specific ink can be adjusted by the parameters like the ejection frequency or the 
magnitude and period of the electrical pulse heating the resistor elements. Using these 
parameters it is possible to adjust the bubble formation mechanism, which pushes the ink 
through the nozzle orifice, for any ink with various values of density, viscosity, and surface 
tension. Similarly the volume and velocity of the ejected drops can be adjusted using 
these parameters.  
Moreover the deposition rate depends on several factors like the volume and 
velocity of the ejected drops, the ejection frequency, the printhead traverse velocity, and 
the resolution of the deposited layers. Proper software of a DIP system should be capable 
of controlling all these factors and thus the deposition rate. In addition, the software 
should be further developed in case of the integration of a second axis (y-direction) to the 
DIP system to provide a printhead motion in the y-direction. A further potential hardware 
improvement described above is the development of an interactive cleaning system for 
the printheads. Such a system would require a non-trivial software assistance in order to 
monitor and selectively clean individual nozzles. Therefore the further improvement of the 
DIP system should consider the requirements of software development as well. 
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As mentioned before the desktop printer used in this study is originally designed 
and developed for graphic imaging applications using inks of low solid content (< 5 vol.-%) 
and the driver software is optimised for this purpose. However the requirements of a DIP 
system are different than the requirements of graphic imaging. Therefore the existing 
software needs to be adapted. During the fabrication of the ceramic components two 
separate software related limitations were observed. These limitations are independent of 
the ink properties and are also present in case of ejecting the HP45 ink. The first limitation 
is the reduced printing resolution of 300 dpi in the y-direction as explained in section 5.3.2. 
Despite the actual spatial resolution of 600 dpi of the HP45 printhead (see section 4.2.1), 
a reduced printing resolution is used to minimise the ink consumption /Boh94b/. The 
setting of 600 x 300 dpi of resolution is reasonable in case of printing the original HP45 ink 
onto paper media, because this amount of drops are sufficient to cover the target area by 
spreading of the ink on the media. However reducing the resolution is not reasonable for 
DIP purposes because a reduced resolution limits the shape accuracy of the deposited 
objects (see section 5.3.2). Thus, this issue must be considered for future improvements 
of a DIP system. 
The other software related limitation is observed during the deposition process. 
The ink is ejected and deposited only during the printhead traverse motion in the same 
direction, which means that all the components were deposited as the printhead was 
moving from right to left. This could lead to a non-uniform drying of the deposited cross 
section especially in case of large cross sections because the earlier deposited part of the 
layer would dry before the rest of the layer. A non-uniform drying can result in mechanical 
stresses or microstructural anisotropy, which could cause drying cracks or anisotropic 
sintering shrinkage. Although such effects were not observed during fabrication of ceramic 
components, future improvement of the DIP system should consider the influence of the 
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deposition procedure on the drying of the deposited layers, especially for the fabrication of 
large components.     
   
6.3. Influence of the ink properties on the drop ejection and formation 
This section investigates and discusses the procedure used for analysing and 
evaluating the relation between the ink properties and the drop formation. The procedure 
can be summarised as follows. Totally 12 different ceramic inks with 24 vol.-% solid 
content were prepared and ejected. The inks contain different types of functional additives 
and therefore have different viscosity and surface tension values. Dot arrays of single 
drops of these inks were deposited and the drop shape and integrity was determined by 
SEM. The influence of the physical properties as well as the dimensionless numbers Re, 
We, Ca, and Oh of the inks on the drop integrity was investigated.  
In order to calculate the dimensionless numbers the drop velocity and diameter 
were estimated using Eq. (3.1). This equation assumes a constant total pressure during 
the acceleration period of 7 µs as mentioned in section 3.3.3.2. In case of PIJ systems a 
total pressure and an acceleration period of such a magnitude is typical, where the 
acceleration period is defined as the rising time of the applied driving signal /Don06, 
Wij08/. However the pressure in case of TIJ systems initially peaks up to 50-100 bar and 
rapidly decreases to the ambient pressure /Asa92, Lin07, Lin08, Rem00/. Therefore the 
validity of Eq. (3.1) should be verified for the drop ejection using TIJ systems. In order to 
verify Eq. (3.1), the individual influences of the density, viscosity, and surface tension on 
the calculated drop velocity were comparatively investigated. Figs.6.4-6.6 show the 
dependence of the drop velocity to the ink density, viscosity, and surface tension, 
respectively. These graphs are plotted using the physical properties of the HP45 ink 
determined at both 20 °C and 60 °C. In each graph a certain physical ink property is 
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varied in a realistic range and the corresponding drop velocities are calculated using 
Eq. (3.1).  
The influence of the ink density on the drop velocity is depicted in Fig.6.4. The 
drop velocity decreases with increasing density at both 20 °C and 60 °C. To the author’s 
knowledge no experimental studies were published on the influence of ink density on 
ejection velocity in TIJ systems yet, but there are several numerical studies that support 
the behaviour in Fig.6.4 /Fro84, Lin07, Lin08/. 
 
Fig. 6.4. The relation between the drop velocity and the density of the HP45 ink according 
to Eq. (3.1).  
  The viscosity dependency of the drop velocity is depicted in Fig.6.5. The drop 
velocity decreases when viscosity is increased at both temperatures. The measured 
viscosity values of the HP45 ink at 20 °C and 60 °C are also shown in the graph. The 
velocity curve for 60 °C ink temperature is lower than the curve for 20 °C. This can be 
explained by the comparably low ejection pressure at 60 °C (see section 5.1.6). The 
relationship between viscosity and drop velocity is in accordance with the previously 
published experimental /Don06, Tai08/ and numerical studies /Asa92, Fro84, Lin07, 
Lin08/.  
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According to Eq. (3.1) a change in the surface tension influences the drop velocity 
only moderately. This relation between surface tension and drop velocity is depicted in 
Fig.6.6. This behaviour is also in accordance with previous studies, which claimed that 
surface tension is not an important factor influencing the drop velocity compared to 
viscosity /Asa92, Lin07, Lin08/. 
 
Fig. 6.5. The relation between the drop velocity and the viscosity of the HP45 ink 
according to Eq. (3.1).   
 
Fig. 6.6. The influence of surface tension on the drop velocity of the HP45 ink according 
to Eq. (3.1).  
As a result, it could be concluded that the relation between the drop velocity and 
calculated using Eq. (3.1) and the investigated ink properties is consistent with the results 
of previous studies /All85, Asa92, Don06, Fro84, Koh08, Lin07, Lin08, Tai08/. Thus, 
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Eq. (3.1) can be verified to be appropriate for estimating the drop velocities of the 
developed inks. 
The dimensionless numbers Re, We, Ca, and Oh are calculated for each ink and a 
possible influence of these on the drop shape and integrity is investigated. The influence 
of some of these dimensionless numbers on the drop integrity was investigated in several 
studies as summarised in section 3.4. The results of this study concerning the relation 
between the dimensionless numbers and the drop integrity (see section 5.2.2) are not in 
accordance with the results of the majority of the previous studies. For example the 
suggestions of several numerical studies such as Re < 5 for the elimination of satellite 
droplets /Fen02/ as well as We > 9 /Lin08, Xu07/ or Ca-1 > 2 /Fro84/ for a positive drop 
velocity were not consistent with the results of this study. The most widely accepted drop 
formation range of 10 > Oh-1 > 1 /Der10, Der11, Rei00/ could not be confirmed as well. 
According to these studies below the lower limit of this Oh-1 range drops cannot be ejected 
because of the dominating viscous forces while above the upper limit satellite droplets are 
formed /Der11, Rei00, Rei05a/. These limits were adjusted for specific inks in several 
experimental studies /Jan09, Tai08/, while the adjusted lower and upper limits were 
similarly representing the limits of drop formation and satellite formation /Jan09, Tai08/. As 
explained in section 5.2.2, in this study it was observed that the inks with Oh-1 > 10 do not 
form satellites whereas most of the inks with Oh-1 < 10 form satellites. This is clearly a 
contradiction to the commonly accepted drop formation range in terms of Oh-1. 
To examine this contradiction, the relation between the Oh number and the ink 
properties should be clearly understood. To this end, three different virtual scenarios are 
discussed. Each scenario assumes two imaginary inks with different ink properties and 
thus different Oh-1 values. In the first scenario these two imaginary inks have identical 
densities and viscosities but different surface tension values. The ink with the higher 
surface tension would have a higher Oh-1 value by definition. The higher the surface 
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tension the smaller would be the total surface for a given level of total energy. Therefore it 
is reasonable that the ink with lower Oh-1 (lower surface tension) tends to form a 
comparably large surface. A large surface indicates either the formation of a large drop or 
the formation of secondary satellite droplets. This situation is not in accordance with the 
definition of the lower limit of the commonly accepted Oh-1 range, which claims that 
satellites would not occur for small Oh-1 numbers /Der11, Rei00, Rei05a/.  
The second scenario assumes that the two imaginary inks are of identical density 
and surface tension but different viscosity. Then the ink with the lower viscosity has a 
higher Oh-1 value by definition. In case of this ink, the viscous forces are smaller and thus 
a larger portion of the total energy would be available to overcome the surface tension. As 
a result a larger surface would be generated, which indicates the formation of either a 
larger single drop or satellite droplets. As shown in section 5.1, the P-U, HP45, and 
carbon inks, which do not form satellites, have comparably low viscosities and thus 
comparably high Oh-1 values (see Tables 5.2- 5.3). In case of these inks formation of 
satellites is not observed. Instead the energy saved because of the low viscous forces is 
consumed for accelerating the drops. The increased velocity leads to larger drops instead 
of the formation of satellites even in case of the carbon ink, which has the lowest surface 
tension among all inks (Table 5.1). This situation contradicts the definition of the limits of 
the Oh-1 range, which claims satellites would occur for large Oh-1 numbers /Der11, Rei00, 
Rei05a/.  
The last scenario assumes two imaginary inks of identical viscosity and surface 
tension but different density. In this case the ink with the higher density has a higher Oh-1 
value. It can be argued that a larger fraction of energy would be required for accelerating 
the drops and therefore a lower fraction of the energy would be available to generate the 
surface. Thus, comparably small drops would be ejected and the formation of satellites 
would be suppressed. Also this situation contradicts the definition of the limits of the Oh-1 
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range, which claims satellite formation for large Oh-1 numbers /Der11, Rei00, Rei05a/. 
According to these three scenarios with two imaginary inks and their Oh-1 numbers, the 
results of this study, which are clearly supported by experimental evidence, could be valid 
for the specific inks and the TIJ system used. The general Oh-1 range for drop formation 
contradicts the results of both this study and the imaginary scenarios.  However these 
results cannot be generalized for all inkjet printing systems especially since all other 
studies claim exactly the opposite. 
Because of the contradictory findings of this study concerning the limits of the Oh-1 
range all the assumptions made in this study needs to be investigated and discussed. 
Several assumptions were made for the evaluation of the SEM images of the dot arrays 
(see section 5.2) as well as the calculation of the dimensionless numbers (see 
section 4.1.8). As explained in section 4.3.1, the deposits of single drops were analysed 
by SEM to describe the drop integrity. In fact the analysis of deposits shows a post-
ejection state of the drops; it definitely does not provide information about the state of the 
drops at the instance of ejection. However the shapes of the deposits of different inks 
were remarkably different (see Figs.5.8-5.9) and thus it is reasonable to assume that the 
deposits are fair indicators of the drop integrity and satellite formation. The SEM analysis 
of drop deposits is clearly not suitable for investigating inks forming primary and 
secondary drops, which merge together prior to substrate impact to form a single drop. 
But the deposition and analysis of arrays of 900 single drops excludes such issues and 
ensures a reliable characterisation of the drop shape. 
As explained in section 3.4, Eq. (3.1) was used to calculate the drop velocity and 
volume, which are required for calculating the dimensionless numbers. This equation was 
originally used to calculate the total pressure required to eject drops of given properties 
using PIJ systems /Fil83, Wij08/. As explained in section 3.2, in PIJ systems the ejection 
pressure is mechanically generated and thus it is independent of the ink composition 
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/All06, Hei08, Le98/. This compositional independence of the PIJ systems allows a 
successful calculation of the drop velocity and volume for a given ink and ejection 
pressure using Eq. (3.1). In this study an identical ejection pressure was assumed for all 
inks despite the compositional differences. However, contrary to the PIJ systems, the 
pressure generated in TIJ systems depends on the ink composition, which means that the 
ejection pressure would differ while ejecting inks with different compositions, since the 
vapour pressures of different inks under the activation conditions of the resistor elements 
are different as well. The inks developed and investigated in this study, especially the 
24 vol.-% ceramic inks were all aqueous based and contained a constant amount of 
chemically similar additives. Therefore it is reasonable to assume that the generated total 
pressure is comparable while ejecting different inks. Nevertheless this aspect should be 
considered in the future studies concerning TIJ systems as well as TIJ inks.    
In general, typical TIJ inks for graphic imaging do not contain a high amount of 
solid particles /Le98, Lee03/. Therefore the influence of solid particles on drop formation is 
not an issue for the research and development of the inks for graphic imaging. However 
the size, shape, and amount of solid particles would most probably influence the drop 
characteristics. In this study such an influence is considered to be negligible and a 
potential influence of solid particles on the drop integrity and formation of satellites is not 
investigated. Ignoring this potential influence can lead to a mistake by the interpretation of 
the SEM images of the drop deposits in Figs.5.8-5.9. One of the few studies on this 
subject using older generation HP DeskJet printheads reports that the risk of satellite 
formation is higher in case of pigmented inks compared to dye-based inks due to the 
elongated drop tails (the ink column between the drop and nozzle) of the pigmented inks 
/Boh94a/. Further studies investigating the satellite formation during dripping of particulate 
inks similarly reported that the shape of the drop tails vary depending on the amount of 
the solid content /Fur04, Fur07/. According to these studies, increasing the solid content 
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(> 10 vol.-%) reduces the number of satellites but the size of the satellites increases 
/Fur04, Fur07/. However the original HP45 ink does not form satellites as shown in 
Figs.5.8-5.9, although it contains a considerably low amount of carbon black particles (see 
Table 3.4). Besides some of the 24 vol.-% ceramic inks form satellites whereas some do 
not as shown in section 5.2, although they have an identical solid content. As a result this 
study cannot justify any relation between the solid content and the drop integrity. 
Moreover the results are not in accordance with the previously published studies /Fur04, 
Fur07/. 
The concentration of the solid particles affects the viscous characteristics of the 
inks and inks with considerably high solid contents typically reveal a shear thinning 
behaviour and thus such inks cannot be considered as Newtonian fluids /Ber10b, Bru11/. 
The dimensionless numbers Re, We, Ca, and Oh are valid for Newtonian fluids in the 
forms given in Eqs. (3.2) to (3.5) /Ber10b, Bru11/. As shown in Figs.5.3-5.4, the viscosity 
of the 3Y-TZP inks with 22 vol.-% and 27 vol.-% solid contents reveal a shear thinning 
behaviour at shear rates < 1000 s-1 and therefore the inks are not Newtonian in this shear 
rate range. However these inks reveal constant viscosities at shear rates > 1000 s-1 
(1 kHz) as shown in Figs.5.3-5.5. The ink ejection frequency of the printhead used is 
12 kHz (= 12000 s-1) /Nig99/ and therefore the 3Y-TZP inks can be considered as 
Newtonian during the printing process. Therefore it is important to calculate the 
dimensionless numbers using physical ink properties measured under realistic operation 
conditions of TIJ printing, e.g. high shear rates or high temperatures. Disregarding such 
conditions during measuring ink properties may lead to inconsistent values of 
dimensionless numbers. This might be a further reason why the Oh-1 range for drop 
integrity given in previous studies does not comply with the results of this study.  
A further factor influencing the drop shape and integrity during ejection is called 
puddling, which is defined as the accumulation of ink on the orifice plate due to a low 
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surface tension of the ink especially at high ejection frequencies /Hun94/. The ink 
accumulated on the nozzle orifice might interfere with the drop ejection and lead to 
misdirected or missing drops. As shown in Table 5.1, several inks have low surface 
tensions compared to the HP45 ink. Therefore puddling would preferentially occur during 
the ejection of these inks. But as explained in section 4.2.2, the puddles would be 
removed in each printing cycle by a rolling sponge placed below the printing path. This 
would reduce or prevent the influence of puddling on the drop ejection. The SEM analysis 
of the deposited single drops showed that the spacing between the adjacent dots was 
regular and there were no missing drops. Therefore it can be concluded that puddling did 
not affect the shape and integrity of the ejected drops in this study. Nevertheless the 
puddling effect should be considered in future studies concerning the improvement of the 
DIP systems with specific inks. 
6.4. Challenges in the sintering process 
The DIP-fabricated ceramic components without using carbon supports were 
successfully sintered (see section 4.4) to a relative density of > 97% (see section 5.3.3). 
Also the SEM images of the fracture surfaces of the specimens for 4PB and B3B tests 
(Figs.5.30 and 5.35) show the dense microstructure of such components.  
However the sintering process of components deposited onto carbon support 
structures was not always successful, especially when the carbon support was totally 
covered with the deposited ceramic. Two identical carbon structures, which are DIP-
fabricated on a graphite substrate, are shown in Fig.6.7. These are supportive structures 
for fabricating hollow hemisphere like 3Y-TZP components. In the next step the carbon 
structures were totally covered by ceramic deposition. The whole graphite/carbon/ceramic 
structure was sintered according to the sintering program as explained in section 4.4. 
After sintering it was observed that the carbon support was completely removed due to 
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pyrolysis but the ceramic structure was cracked as shown in the SEM image in Fig.6.8. 
The crack starts at the edge of the component and propagates to the centre. Therefore it 
can be concluded that the sintering shrinkage of the component was hindered by the 
carbon support, which was still present as the shrinkage began. Components of same 
shape were sintered without any cracks when concave carbon supports were used 
instead of the convex supports in Fig.6.7. This shows that the 6 h pyrolysis step in the 
sintering program (see section 4.4) is in fact sufficient to remove the carbon support totally 
unless it is entirely covered by ceramic.  
 
Fig. 6.7. DIP-fabricated supports for producing hollow hemisphere like components.  
 
Fig. 6.8. SEM image of the DIP-fabricated 3Y-TZP component after sintering. The carbon 
supports shown in Fig.6.7 were used.  
In order to remove the support completely prior to sintering and prevent cracking 
either the period of the pyrolysis step should be prolonged or the relative orientation of the 
support and component should be optimised (e.g. using a concave support instead a 
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convex one). Optimisation of the relative orientation would be an appropriate solution for 
components of comparably simple geometry. In case of components with complex 
shapes, e.g. components with internal voids, the relative orientation cannot be changed 
and therefore the pyrolysis step prior to the sintering must be optimised. 
As this example shows the co-sintering of complex shaped ceramic components 
including carbon supports is not trivial. Therefore it is favourable to optimise the relative 
orientation of the carbon support and the ceramic component prior to the DIP process. 
Future studies should consider the dynamics of pyrolysis of fugitive supports for defining a 
proper sintering process in order to avoid cracking due to shrinkage.  
6.5. Mechanical characteristics of the DIP-fabricated components 
The strength of the DIP-fabricated 3Y-TZP components was determined according 
to the 4PB and B3B tests as explained in sections 4.5.2 and 4.5.3, respectively. In both 
cases reference samples, which were produced by slip casting and by HIP, were tested 
as well. 
As explained in section 5.4.1, the results of the 4PB test showed that the DIP-
fabricated specimens have a characteristic strength, ?0,DIP, of 839 MPa whereas the 
scaled characteristic strength,  ?0,slip, of the slip cast specimens is 687 MPa. Furthermore 
the unbiased Weibull moduli, mDIP,unbiased and mslip,unbiased are determined as 3.6 and 5.4, 
respectively. Although the scaled ?0,slip is higher than the measured strength, it is still lower 
than the ?0,DIP. This shows that the DIP method, which is still in the development phase, 
has potentials for fabricating components with higher strength compared to the 
conventional slip casting method. The strength of the slip cast specimens was scaled 
based on the effective volume, Veff, instead of the effective surface of the slip cast 
samples (see Eqs. (4.8) and (4.9)). The Veff was used for the scaling because the SEM 
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images of the fracture surfaces (see Fig.5.31) showed that the majority of the critical 
defects were in fact volume defects and not surface defects. 
The mDIP is lower compared to the mslip, which means that the strength of the DIP-
fabricated specimens was distributed in a wider range compared to the strength of the slip 
cast specimens. The typical range of the Weibull modulus, m, for ceramic materials is 
10 < m < 20 /Fri04/. Considering that the DIP is a currently developing method, it is 
reasonable that the mDIP is not yet in an acceptable range. As shown in Figs.5.30(a)-(c) 
the critical defect in the fracture surface of several DIP-fabricated specimens  was a 
process related defect, which is probably due to a malfunctioning single nozzle or the 
temporary clogging of several neighboring nozzles (see section 5.4.1). Process related 
defects can be eliminated by further improvement and optimisation of the DIP system. If 
such large process related defects were totally eliminated, the size of the largest defect 
would be equal to a single modular building unit, which is a drop of 35 pl volume (see 
section 3.3.3.2). In case of such narrowly distributed small defects, both strength and 
Weibull modulus, m, of the DIP-fabricated components would be higher than the 
determined values. If all process related defects were eliminated a? ?0 of 1108 MPa, an 
m of 22.2, and a munbiased of 18.7 would be achieved as explained in section 5.4.1 (see 
Fig.5.29). To sum up, it can be concluded that the DIP method is a promising technique to 
manufacture ceramic components with high strength and further improvement of the DIP 
system would lead to an acceptable Weibull modulus. On the other hand the Weibull 
modulus, mslip, of the slip cast specimens is also lower than the typical range. This could 
be due to the small sample size of the tested slip cast specimens (N = 10), which is 
smaller than suggested sample size of N?? 30 in the European Norm EN 843-1. 
The results of the B3B tests are explained in section 5.4.2. DIP-fabricated 
specimens as well as reference specimens produced by HIP were tested. According to 
this test the characteristic strength of the DIP-fabricated specimens, ?0,DIP, of 1390 MPa is 
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higher than the characteristic strength of the reference specimens, ?0,HIP, of 1010 MPa. In 
this case the specimens of both samples have identical dimensions. Thus the determined 
strength values of both samples can be directly compared with each other. The Weibull 
plot in Fig.5.34 shows that the fracture strength of the DIP-fabricated specimens is 
significantly higher than the HIP specimens. The higher strength can be explained by the 
uniform and homogeneous microstructure of the DIP-fabricated components, as shown in 
the SEM image of the fracture surface of a tested specimen in Fig.5.35. The difference in 
the strength values obtained using the 4PB and B3B methods is due to the utilisation of 
different testing methods /Fri04, Qui03a, Qui03b/.    
The Weibull moduli of the DIP-fabricated specimens, mDIP, and the HIP-fabricated 
specimens, mHIP, are 12.0 and 14.9, respectively. Both values are acceptable as they are 
in the typical range of 10 < m < 20 /Fri04/. The Weibull modulus of the DIP-fabricated B3B 
samples is larger than the Weibull modulus of the DIP-fabricated 4PB samples. This 
indicates that the defects are of same type and are narrowly distributed in the small-size 
B3B samples compared to the large-size 4PB samples. For the DIP-fabrication of large 
components the stability of the deposition process must be maintained over a long 
deposition period while in case of small components (e.g. the B3B specimens) the 
deposition period is comparably short. The process related large defect observed in the 
4PB specimen (see Fig.5.30) is a result of the non-optimum process stability which 
occurred for a short time period during the deposition. This once more indicates the 
importance of the printhead cleaning unit, which maintains the printheads and ensures a 
continuous and stable drop ejection from all nozzles. Therefore future research should 
focus on the process stability and the printhead maintenance and support components in 
order to improve the DIP system. 
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7. Conclusions and summary 
The goal of this thesis is to investigate and test the feasibility of the DIP method for 
fabricating complex shaped three-dimensional ceramic components with good mechanical 
properties particularly for structural applications. The empirical results show that this goal 
was successfully achieved as explained in detail in chapter 5. 
 The outline followed during the study and the results achieved in each level can be 
summarised as follows. A DIP system based on a common desktop printer as well as 
ceramic and carbon inks of high solid content were developed. The inks developed were 
characterised in terms of viscosity, surface tension, zeta potential, particle size 
distribution, and the dimensionless numbers. Arrays of single drops of several inks were 
deposited in order to investigate the influence of the ink properties on the drop shape and 
integrity. Several demonstration objects were successfully DIP-fabricated using 3Y-TZP 
and carbon inks. The components were mechanically characterised by the four-point 
bending (4PB) and the ball-on-three-balls (B3B) methods and promising strength and 
Weibull modulus values were obtained. As a result it has been shown that the DIP is a 
suitable and feasible method for fabricating complex shaped ceramic components. 
 This study provides two particular contributions to the research in the field of solid 
freeform fabrication (SFF) of ceramic materials. To the author’s knowledge this is the only 
study that investigates the influence of the ink properties on the drop shape and integrity 
for TIJ printing systems. Similar studies were conducted using PIJ printing systems for 
particulate as well as non-particulate inks /Der10, Der11, Jan09, Rei00, Rei05a, Tai09/ 
but the influence of ink properties especially of particulate inks on the drop integrity in 
case of TIJ printing systems was not investigated to such an extent. Moreover this study 
shows that the widely accepted printability concept, which is defined by the Oh number 
/Der11, Lew06, Rei05a/, may not apply in case of TIJ printing systems, where the ink 
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composition directly affects the ejection energy /Jen85, Shi89/. The other contribution is 
the demonstration of the feasibility of the DIP method for precise fabrication of complex 
shaped and high strength ceramic components. Although several previous studies 
showed the feasibility of ejection and deposition of particulate inks in order to fabricate 
ceramic structures as explained in section 3.5, the fabrication of precise components in 
centimetre scale with good mechanical properties has not been reported to the author’s 
knowledge. Moreover this is the first study that has fabricated and tested specimens for 
statistical evaluation of the mechanical properties of the DIP-fabricated components.  
 The findings of this study have also meaningful implications for practice. The most 
important contribution to practical and industrial implementations is the demonstration of 
the potentials of the DIP method. DIP-fabricated components possess good mechanical 
properties which qualify them as promising components for structural applications such as 
dental restorations as shown in section 5.3. In addition to three-dimensional components 
DIP-fabricated two-dimensional structures or multi-material laminate like structures (e.g. 
functionally graded materials or SOFCs) can be used in functional as well as biomedical 
applications. Furthermore, the reasonable fabrication rates qualify the DIP method for 
rapid prototyping or even for rapid manufacturing of ceramic components.  
 Although this study provides evidence for the basic feasibility and potentials of the 
DIP method for the fabrication of ceramic components, the results should be interpreted in 
light of several limitations. As explained in detail in chapter 6 the DIP system that was 
used in this study has several limitations concerning the hardware and the software of the 
system. A major hardware related limitation is the absence of a second axis for the 
printhead movement in order to scan and deposit larger cross sections for fabricating 
larger components. A further limitation is the absence of additional identical printheads, 
which are inevitable for a simultaneous multi-material deposition. The software used in 
this study was the standard driver software, which is in fact developed originally for 
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graphic imaging and does not meet the special requirements of the DIP method as 
explained in chapter 6 in detail. Therefore future research should focus on the further 
improvement of the hardware and software components of the DIP system. In parallel, 
inks containing other ceramic materials should be developed to realise components for 
diverse applications. 
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